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I. INTRODUCTION 
Internal water deficits during plant growth and development either 
directly or Indirectly inhibit some developmental, physiological or 
biochemical processes in plants. An understanding about the develop­
ment of water deficits in plants which restrict growth, metabolism and 
crop yield and the mechanisms by which plants respond is, therefore, 
important in crop production. Plant water stress studies can contribute 
towards this goal. 
Present techniques available for imposing water stress on plants 
face the difficulty of maintaining a constant stress level during the 
treatment period. Superimposed on this is the confounding effect of 
diurnal fluctuation in plant water status due to water absorption 
by plants lagging behind transpiration. Consequently, the effect of 
stress level on plant responses cannot be separated from that of 
diurnal effect . A water stress system which maintains a fairly 
constant water status in plants during the stress period would be a 
very useful tool in plant water relations research. 
An osmotic-solution semipermeable membrane system for imposing 
water stress in plants has been reported by Zur (1966, 1967), 
Painter (1966), Cox and Boersma (1967), and Barlow et al. (1976). In 
this system, a seedling is grown in a soil chamber separated from the 
solution chamber by a semipermeable membrane. To control the soil 
water potential, osmotic solutions of polyethylene glycol are placed 
in the solution chamber. Generally, this system was found to work 
well on young seedlings of sunflower (Zur, 1967), corn (Painter, 1966), 
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(Barlow and Boersma, 1976), and bean plants (Tlngey and Stockwell, 
1977). The soil-plant system equilibrated with the osmotic solution 
within one to four days showing the usual diurnal water relations. 
The oxygen supply to roots was that of atmospheric oxygen diffusing 
into the soil (Tingey and Stockwell, 1977). The usefulness of this 
osmotic stress system for inducing water stress on soybean plants 
at different stages of development was examined. Plants were kept 
continuously energized with fluorescent lights during the stress 
period to maintain a constant plant water status. 
Leaf water potential is a good indicator of water stress in 
plants (Clark and Hiler, 1973; Brady et al., 1974; Gander and Tanner, 
1976; Sivakumar and Shaw, 1978). This direct measurement of water 
status in plants is independent of crop species and age of leaves. 
It is associated with water available at the site of growth and 
integrates the effects of both the soil and the environment on the 
internal water balance of the plant. In addition, it is related to 
relative water content of plant tissues and also defines the movement 
of water into and through the plant. Soybean leaf water potential has 
been found to be responsive to changes in soil water potential during 
both vegetative and reproductive growth (Brady et al., 1974). However, 
little is known about the influence of stage of plant development on 
leaf water potential and its components. To generalize the role of 
water in plant development and metabolism, the components of water 
potential, osmotic and turgor potential, need to be known. Their 
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relationship to water potential and individual effects on growth 
and physiological responses can then be assessed. Leaf water potential 
was used to measure changes in internal water status of soybean 
plants subjected to osmotic stress in the investigation undertaken. 
The components, osmotic and turgor potentials, were also determined. 
Cheung et al. (1975) have shown that a number of water relations 
parameters of single leaves can be derived from the pressure-volume 
curve obtained with the pressure-bomb. These physical parameters 
were found to be useful for predicting the water status of leaves and 
their ecological adaptation to different environments. The pressure-
volume curve of central leaflets of soybean leaves was determined. 
The physical parameters derived were compared with those obtained by 
direct measurements and their significance and usefulness for soybeans 
was evaluated. 
Since the osmotic stress system involves growing plants in the 
soil, changes in soil moisture in response to different levels of 
osmotic stress and stage of plant development were determined by 
measuring the soil moisture content. 
To identify a growth or yield inhibiting plant water status, the 
water stress indicator must be related to some growth or physiological 
processe of the plant to be useful. Leaf growth, stomatal conductance 
and photosynthesis are known to be affected by water stress (Hsiao 
et al., 1976; Boyer, 1976). Since growth and dry matter accumulation 
are dependent on the water potential of photosynthetic tissues, the growth 
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of leaves and physiological responses of stomatal conductance and rate 
of photosynthesis were measured. 
Accumulation of soluble carbohydrates in leaves, stems and roots 
has been reported (Eaton and Ergle, 1948; Fukui and Ojima, 1957; 
Barlow et al., 1976; Turner et al., 1978). Possible changes in 
carbohydrate status in the soybean plants to osmotic water stress under 
a constant light environment were investigated. The levels and 
distribution of reducing sugars, sucrose and starch in the stems and 
leaves of control and stressed plants were determined. 
These various investigations are presented in this dissertation 
in two separate sections. Changes in soil moisture content and leaf 
water potential and its components in response to the osmotic stress 
sustem are first examined as they are indicators of the severity of 
water stress developed in the plants. Growth and physiological 
responses are then reported in relation to the degree of stress developed 
during vegetative and reproductive stages of development. 
5. 
II. REVIEW OF LITERATURE 
A. Internal Water Balance of Plants 
Water, the main component of plants, is essential for plant growth 
and metabolism as a liquid, solvent and substrate. The physical 
integrity and metabolic reactivity of water is, however, dependent on 
the energy status of its molecules. Water is contained in the plant as 
a continuum (Crafts, 1968), hence the water balance of plant tissues 
is dependent on the relative rates of water loss through transpiration 
and water absorption by roots. Excessive water loss and/or decreased 
absorption will result in plant water deficits. This will cause the 
water content of plant tissues and the free energy of water to decrease. 
Since the internal water status of plants controls physiological and 
metabolic processes, the development of water stress in plants can 
affect the quantity and quality of plant growth and development in 
various ways. Water stress, therefore, refers to the conditions of 
water which are not favorable to optimum plant growth and yield CTaylor, 
1968). Whenever water absorption by roots lags behind transpiration, 
water stress develops, the severity of which depends on the availability 
of soil moisture and atmospheric evaporative demand. This dynamic 
relationship can be attributed to the transport of water through the 
soil-plant-atmosphere continuum involving water movement from the soil 
to roots, roots to leaves and leaves to the atmosphere. 
Generally, water in the soil moves from region of high to low 
water potential, to the roots, and from the roots to transpiring leaves 
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In response to a decreasing water potential gradient. Water in the 
leaves then evaporates through the stomata into the atmosphere at a 
rate depending on the heat of vaporization supplied through solar 
radiation, convection and conduction of heat through the atmosphere 
and the plant. As water is removed by plant roots, the soil water 
potential and unsaturated conductivity decreases with a consequent 
decline in available soil water. A large difference in water potential 
between the soil and the root is then required to move water from the 
soil to roots to replace transpiration losses. The rate of water move­
ment from the soil to roots is thus greatly reduced. At low soil water 
potential, the unsaturated conductivity of the soil was found to be the 
most important factor controlling the rate of water uptake by plant 
roots (Gardner and Ehlig, 1962; Lang and Gardner, 1970). Mathematical 
models have shown that water uptake by plant roots is proportional to 
rooting density, soil hydraulic conductivity and the potential difference 
between the root surface and the bulk soil (Gardner, 1960; Cowan, 1965). 
Taylor and Klepper (1975) found a large radial root resistance to water 
flow in cotton. They pointed out that water uptake is proportional to 
rooting density, the water potential difference between bulk soil and 
the root xylem, and the hydraulic conductivity of the soil-root pathway. 
Water movement through the plant is dependent on a decreasing 
water potential gradient from the roots to the transpiring leaves and is 
therefore influenced by the atmospheric demand for water and the soil 
water content. For a constant evaporative demand rate and a uniform 
root system, the rate of transpiration is a function of soil water 
7 
content. When the soil suction is low, the transpiration rate is 
dependent on evaporative conditions (radiant energy, wind speed and 
water vapor pressure of the ambient air) and approximately equals 
that of potential évapotranspiration. As the soil dries, soil tension 
increases especially in shallower depths of soil because of greater 
root concentration and a decrease in hydraulic conductivity. The 
loss of water by the plant increases the suction in plant leaves 
sufficiently to maintain water uptake rate to that of the rate of loss. 
Soon a point is reached where water potential of the soil is more 
negative than that in the leaves, the leaf cells then lose turgor and 
stomata closure occurs. This stage of development^depends on the retaining 
and transmitting properties of the soil, root distribution and evapora­
tive demand. The soil moisture content at which transpiration becomes 
limited ranged from field capacity to permanent wilting point depending 
on the prevailing atmospheric energy available for évapotranspiration 
(Denmead and Shaw, 1962). With a high evaporative demand, the relative 
transpiration rate of corn decreased rapidly even though the soil 
matric potential was fairly high. When evaporative demands were low, 
the transpiration rate did not decline until the soil water potential 
was reduced. On Douglas fir. Waring and Cleary (1967) found that 
plant water potential reached -20 bars even with soil moisture at 
field capacity when radiation stress was high. A fluctuation in 
leaf water potential of as much as -5 bars per hour was observed 
depending on microclimatic conditions. Hence marked diurnal variations 
in water potential of leaves, stems and fruits have been reported 
( Klepper, 1968; Brady et al., 1974; and Reicosky et al., 1975). 
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B. Methods for Imposing Water Stress on Plants 
To impose water stress on plants two basic techniques, have been 
used. The soil mass is dried to a predetermined moisture level by with­
holding water. The difficulties of this method are those of adding 
water uniformly in the root zone and preventing moisture change from 
the desired level. In the alternate method, plants are grown in 
nutrient solutions with osmotic pressure controlled by single salts 
(Gauch and Wadleigh, 1945), salt mixtures (Magisted et al., 1943) or 
organic compounds (Hayward and Spurr, 1944). Soluble salts are not 
suitable for developing osmotic stress in nutrient culture due to 
specific ion effects. Sodium chloride, calcium chloride and potassium 
nitrate were found to be absorbed in toxic amounts by plants (Lageiwerff 
et al., 1961; Ruf et al., 1963). Organic substances such as sucrose, 
glucose and mannitol in solution are readily contaminated by fungal 
and algae growth and are also taken up by plants. 
Polyethylene glycol (PEG) or Carbowax, a natural polyoxyethylene 
glycol of different average molecular weights has been used in con­
trolling water stress in plants. This compound is superior over 
other solutes as an osmoticum due to their chemical inertness, non­
toxic property, high solubility and miscibility (Taylor, 1964). Prop­
erties of PEG less suitable as an osmoticum are the lowering of surface 
tension and the increase in viscosity of the solution due to the folding 
of molecules at high concentrations (Michel and Kaufmann, 1973). 
PEG of various average molecular weights was found to be satisfac­
tory for inducing water stress on different plant species. Jarvis and 
Jarvis (1965) used PEG 1540 on tree seedlings, while bean and pepper 
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plants grew well in PEG 600 solutions (Janes, 1966) and kidney bean in 
PEG 20,000 (Lagerwerff et al., 1961). Toxic symptoms attributed to PEG 
or its impurities have been observed. Lagerwerff et al, (1961) reported 
that impurities of aluminum and magnesium in PEG 20,000 were toxic to red 
kidney beans. This harmful effect was not evident after purification 
by dialysis. Janes (1961) found PEG 1540 was absorbed by celery and 
tomato plants when the moisture tension exceeded 5 atmospheres. At an 
osmotic pressure of 14.4 atmospheres, 0.1% of the fresh weight was made 
up of the polymer after a nine day treatment. However, in 1970 Lawlor 
reported that inorganic impurities (Al, Mg, Fe, CI, SO^, NO^) were not 
the cause of toxic effects attributed to PEG. Chemical analysis together 
with autoradiography showed that corn roots have a low permeability to 
PEG 1000, 4000 and 20,000 although PEG 200 may enter the root system. 
The entry of PEG was attributed to mechanical damage to roots. Lawlor 
(1970) also reported that PEG especially those of higher molecular 
weights, can enter the interveinal mesophyll of leaves to cause 
necrosis and desiccation. 
Inhibitory effects of PEG on plant growth and organelles have been 
observed. PEG inhibited the elongation of root hairs of reddtop grass 
seedlings (Jackson, 1962). Potato cells exposed to PEG 1540 did not grow 
due to the enzyme system which enhanced cell wall elasticity being 
inhibited (Thimann, Loos and Samuel, 1960). PEG solutions have been 
found to precipitate soluble enzymes (Stocking, 1956). However, 
McClendon (1954) reported that the Hill reaction in chloroplasts of 
chard and poke leaves was high in PEG 4000 and comparable to that in 
buffers or sucrose. PEG also reduced the uptake and translocation of 
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phosphorus in plants (Resnik, 1970; Resnik and Flowers, 1971; Emmert, 
1974) as well as the oxygen content of nutrient solutions (Mexal, 
et al., 1975). 
C. The Osmotic-Solution Semipermeable Membrane Stress System 
To avoid the side effects of PEG in nutrient solutions on plants, 
osmotic solutions of PEG separated by a semipermeable membrane from a 
soil system were used to control soil matric potential (Zur, 1966, 
1967; Painter, 1966; Cox and Boersma, 1967; Barlow et al., 1976). The 
system consists of a soil chamber separated from the solution chamber 
by a semipermeable membrane. Zur (1966) has shown that the relation­
ship between the osmotic pressure of a solution and the partial molar 
free energy of its solvent is given by the equation; 
(F - F°)P^ = V° n = - V° (P-Pq) 
where: 
F is the partial molar free energy of the solvent in the solution 
F° is the molar free energy of the pure solvent 
Pgis atmospheric pressure 
V° is the partial molar volume of the solvent in the solution. 
The partial molar free energy of the water in the solution is, therefore, 
lower than that of water in the saturated soil by an amount This 
difference In free energy across the semipermeable membrane will result 
in movement of water from the soil chamber to the solution chamber until 
a new equilibrium is established. At equilibrium, the partial molar 
free energy of the remaining soil water equals that of the water in the 
osmotic solution so that: 
(F® - F°)Pq = - V° n 
where; 
F® is the partial molar free energy of the remaining soil water. 
When a plant is grown in the soil, water is taken up by the plant 
with a decrease in soil water content and matric potential of the re­
maining soil water. A potential gradient is thus developed across 
the semipermeable membrane and water will flow from the solution to 
the soil until the initial equilibrium is reestablished. Therefore, any 
change in water potential on either side of the membrane will cause 
water to flow in either direction to reestablish the initial state. 
As the soil and membrane offer resistance to water flow, energy is used 
to overcome these resistances. In a soil-plant system, the matric 
soil water potential will be lower than the water potential in the 
solution. This difference will depend in the matric soil-water potential 
and the rate of water flow through the system. Williams and Shaykewich 
(1969) found that each of the matric potential moisture content values 
obtained from the pressure-membrane technique were slightly higher than 
that of the osmotic system. This difference was attributed to the soil 
membrane contact of the osmotic system being superior to that of pressure 
membrane. PEG 6000 gave lower soil moisture contents than PEG 20,000 
at each of the matric potentials tested. 
D. Leaf Water Potential - A Measurement of Plant Water Stress 
An understanding of the influence of water on growth and physiolo­
gical activities of the plant requires a knowledge of the water 
equilibrium state of the various cells and tissues. Each water 
12 
equilibrium state can be characterized by the water potential, which is 
constant throughout the system such as a cell, tissue or organ. As the 
water potential changes, other quantities like water content, volume, 
solute concentration, hydrostatic pressure and gel hydration may also 
change. These changes can alter the growth and physiological responses 
of plants. 
Leaf water potential, a thermodynamic quantity relating to the 
free energy of water is generally preferred to that of water quantity 
as a measure of plant water deficits. This energy concept of water is 
more useful as water transport to and through plants follows a gradient 
of decreasing free energy. Moreover, the energy of water is relatively 
independent of physiological and morphological variations between plant 
species and can be related back to relative water content. The water 
potential also represents an integration of atmospheric evaporative 
demand, soil water conditions and plant characteristics on plant water 
status. 
Water potential ( w) in pressure units is defined as the chemical 
potential per unit molal volume of water (V) given by the relation; 
tp o .  
w = u - u = Au 
w w w 
V V 
where ; 
Au is the difference between the chemical potential of water in 
w 
the system (u^) and that of pure water at atmospheric pressure (the 
reference state, u°). It, therefore, describes the free energy associ­
ated with water which is available for performing work. The water 
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potential components considered in water relations of plants are solute, 
pressure and matric potentials, hence: 
*w " *p + "f ' '  m 
The solute or osmotic potential (^n) is associated with solution 
present in plant cells especially that of the vacuole. The hydro-
stati c pressure or turgor potential (ip^) develops in the cell in 
response to osmotic potential and the tensile strength of the cell 
wall. The matric potential is due to imbibitional forces of 
colloids in the cells and capillaries in the cell walls. Except for 
the other components are negative. i|^ ^ may become negative at 
very low values of ip in which case the water in the cell is in a 
w 
state of tension instead of under compression. Negative values of 
turgor potential have been obtained on some plants and is a contro­
versial point in plant water relations literature (Slatyer, 1962; 
Klepper, 1963). Little is known about matric potential, which is 
generally taken to be negligible. The gravitational term due to 
position in a gravitational field is usually neglected. Hence, the two 
components of water potential of importance in plant water relations 
are osmotic and turgor potentials. 
The leaf water, osmotic and turgor potential changes as the leaf 
water content decreases. The initial decrease of water content of a 
turgid leaf is associated with a large decline in water potential due 
mainly to a fall in turgor potential. The change in turgor potential 
from its maximum value to zero is considered to be a moderately 
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sensitive component of water stress (Barrs, 1968). As more water is 
lost, turgor potential becomes negligible and the further decline in 
water potential is attrlbutlble to a decrease in osmotic potential. 
The fall in osmotic potential is slower than that of water potential 
with a change In plant water content and is thus a less sensitive 
indicator of water stress. 
The above relationships consider the plant tissue as composed 
of a single phase of dilute ideal solution enclosed by elastic cell 
walls, i.e., as one large osmotic cell (Acock, 1975). This assumes 
that osmotic potential is linearly related to solute concentration or 
with the reciprocal of water content, while turgor potential is linear 
with the relative excess water content and the matrlc potential is 
zero. The assumption that osmotic potential is inversely proportional 
to relative water content of leaf was found to be valid (Gardner and 
Ehllg, 1965). However, turgor pressure was related to relative water 
content by two straight line segments instead of a linear relationship 
due to a change in modulus of elasticity of the leaves at a water 
potential of -12 bars. At equilibrium, water potential is uniform 
throughout the tissue. But, water potential and its components may vary 
spatially depending on cell type, structural phases of the cell (wall, 
cytoplasm and vacuole) and within each phase according to microstructure. 
As there are no methods for determining water, osmotic and turgor 
potential on a microscale, spatial averages of water, osmotic and turgor 
potential in a tissue are measured. 
The variation of leaf water potential and its components to soil 
moisture availability, radiation energy, plant species and stage of 
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development has been reported. Klepper (1968) found the water potential 
of leaves and fruits of woody plants varied markedly during the day in 
relation to radiation stress, while at night, the water potential re­
flected that of soil water status. Reicosky et al, (1975) also observed 
leaf water potential to be closely related to the diurnal variations of 
incoming energy in sweet corn. The maximum water potential of -1,5 
bar was obtained just prior to sunrise. The minimum value related to 
the peak radiation load was dependent on soil matric potential and 
stage of plant development. Prior to tassel emergence, the minimum leaf 
water potential of non-stressed corn was -11 bars, but after tasseling 
it decreased to -19 bars. On irrigated and non-irrigated soybeans, 
leaf water potential was maximal near sunrise and then decreased to a 
minimum at 1600 CDT (Brady et al., 1974). Leaf water potential was 
found to be as responsive to variation in soil water potential during 
the podding stage as during vegetative and flowering stages. 
Ackerson et al. (1977) observed that a decrease in soil water 
availability resulted in low leaf water potential in the morning and 
afternoon. Positive turgor was maintained by a decrease in osmotic 
potential but became zero as water stress was increased. The response 
of leaf water potential and its components to soil moisture stress 
also varied with plant species. With cotton, leaf water and osmotic 
potential did not change correspondingly despite a similar diurnal 
trend, and fluctuations in turgor potential were evident. The con­
comitant changes in leaf water and osmotic potential diurnally led to a 
trend of increasing turgor potential in sorghum. The vertical profiles 
of water, osmotic and turgor potentials of field grown sorghum was 
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observed by Turner and Begg (1973) and Turner (1974) to vary with 
canopy height. Turner et al. (1978) did not find large changes in 
leaf water, osmotic or turgor potential and relative water content in 
relation to season or soil water depletion. Turgor potential declined 
to zero at a relative water content of 82-83% and a leaf water potential 
of -15 to -17 bars for both Ruse and Bragg soybeans. Osmotic adjust­
ment to water stress was not evident in either cultivar. 
E. Plant Responses to Water Deficits 
1. Plant growth, development and yield 
Internal water stress in plants is known to modify physiological 
and biochemical processes which may alter plant growth and development 
directly or indirectly. The growth and physiological responses of 
relevance to the research undertaken will now be reviewed. 
The growth and development of a plant is initiated by cell 
division followed by differentiation and expansion of component cells 
into tissue or organ primordia. Cell enlargement being more sensitive 
to water stress than cell division (Slatyer, 1967; Vaadia et al., 
1961) is affected even at low stress levels (Hsiao et al., 1976). 
Inhibition of cell division requires a longer period of mild water 
stress (Hsiao, 1973). Consequently, leaf number, leaf size and total 
leaf area may be reduced resulting in a decline in crop growth rate 
unless net assimilation is not limited by the reduced leaf area. A 
reduction in leaf area, however, has a greater effect than a reduction 
in net assimilation rate in causing decreased crop growth in the field 
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(Watson, 1952). On soybeans, Read and Bartlett (1972) observed that 
leaves were smaller in drier treatments due to a reduction in Individual 
leaf area, but there was no reduction in leaf number. Repeated drought 
cycles, however, stimulated abscission of mature leaves causing a loss 
of existing leaf area. A negative correlation between relative growth 
rates of field-grown soybeans with rate of leaf area expansion was 
found by Sivakumar and Shaw (1978). Bunce (1976) found a linear 
relationship between leaf elongation rate and turgor pressure when 
soybeans were grown in the growth chamber, greenhouse or field. 
Plant water stress in the growth chamber led to an increase in number 
of epidermal cells per leaf, but severe stress reduced epidermal cell 
size. For barley, water stress decreased or stopped leaf initiation 
and cell enlargement in the meristem (Husain and Aspinall, 1970). 
Leaf enlargement of plants subjected to short periods of stress are 
reversible with rapid enlargement occurring at night (Boyer, 1968). 
With prolonged water stress, leaf enlargement may only be partially 
reversible (Boyer, 1970). 
Stem elongation is reduced by water stress. The reduction in 
plant height of water stressed soybeans was due to a reduction in 
internode length (Read and Bartlett, 1972) or number of intemodes 
(Adjei-Twum et al., 1976), 
Nadi et al. (1969) found that water stress affected shoot growth 
of Vicia faba plants during both vegetative and flowering stages of 
growth but not total root weight. An increase in root-shoot ratio of 
soybean in response to a small decrease in soil water potential was 
observed by Read and Bartlett (1972). There was also an increase in 
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unit leaf rate but that of leaf area ratio declined. The larger root 
system and a reduction in water loss from the smaller shpots, therefore, 
help to reduce water deficits. A reduction in the accumulation of shoot 
dry weight in maize was reported by Boyer (1976). 
Water potential affects plant growth via the physical role of 
turgor potential in cell enlargement. Growth, an irreversible increase 
in size, requires an extension of the cell wall and deposition of new 
wall material (Hsiao et al., 1976). A minimum turgor is needed for 
cell wall extension to occur. Hence, a decline in turgor potential in 
plant tissues would decrease or inhibit growth depending on the 
severity of stress and plant species. Thus, leaf enlargement of sun­
flower was completely inhibited at a water potential below -4 bars 
but occurred at a slow rate in soybeans and corn (Boyer, 1970). The 
minimum turgor required for the enlargement of sunflower, corn and 
soybean leaves was 6, 7 to 8 and 1 bar, respectively. 
Turgor pressure has been shown to correlate well with leaf elonga­
tion rate (Boyer, 1970; Hsiao, 1973; Barlow et al., 1976; Bunce, 1976), 
Green (1968) described this linear relationship to be characterized 
by a threshold turgor (i.e., a minimum turgor for elongation) and 
extensibility (given by the slope of the response of elongation rate 
to turgor). Clark and Levitt (1956) found the cell walls of stressed 
soybean plants to be less elastically extensible. 
On reproductive growth, the initiation and development of flowers 
and pods have been reported to be reduced by water stress. These 
inhibiting effects were observed in corn (Robins and Domingo, 1956); 
Denmead and Shaw, 1960) and soybeans (Shaw and Laing, 1966; 
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Sionit and Kramer, 1977). In soybeans, Shaw and Laing (1966) found 
that stress during flowering caused a significant loss in pod number 
in the lower part of the plants while during mid-pod stage, pod number 
in the upper part of the plant was affected. The number of filled 
beans was reduced when plants were stressed during bean-fill stage, 
Sionit and Kramer (1977) reported not only a reduction in pods and 
seeds of soybean plants stressed during flower induction and flowering, 
but also less flowers were produced due to a shortened period of flower­
ing and flower abortion. The greatest reduction in pod and seed number 
occurred when plants were stressed during early pod formation. Weight 
of seeds was affected most by stress during early formation and pod 
filling. As a consequence, reductions in crop yield have been widely 
reported, especially on plants stressed during pod-filling (Shaw and 
Laing, 1966; Doss et al., 1974; Adjei-Twum et al., 1976; Constable 
and Hearn, 1978; Carlson et al., 1978). 
2. Physiological responses 
It is well documented and reviewed by Boyer (1976) that photo­
synthesis per unit leaf area declines as the leaf water potential 
decreases. Total photosynthesis of plants, however, is determined 
not only by the photosynthetic acitivity of a unit leaf area, but also 
total leaf area. Hence, less dry matter is accumulated by water-
stressed plants due not only to a reduction in net photosynthesis, but 
also to loss of new photosynthetic surface (Brix, 1962). 
The decline in photosynthesis per unit leaf area is usually 
attributed to stomatal closure (Vaadia et al., 1961; Brix, 1962; 
Shimshi, 1963; Troughton and Slatyer, 1969; Boyer, 1970; Silvius et al.. 
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1977) and Is correlated to transpiration (Willis and Balasubramaniam, 
1968; Johnson et al,, 1974; and Regehr et al., 1975), Stomata of corn 
were found to be partially closed and the rate of photosynthesis inhibi­
ted at a leaf water potential below -3.5 bars (Boyer, 1970). The 
stomata of soybeans were not affected until the leaf water potential 
decreased to -11 bars. Reduction in photosynthesis and stomatal 
closure occurred, however, simultaneously in both species. The increase 
in stomatal resistance may not be the only factor limiting photosynthesis 
of water stressed plants. Boyer (1971a) found that an increase in the 
external carbon dioxide concentration had no effect on photosynthesis 
of desiccated sunflower plants with partially closed stomata. This 
indicates that the effect of water deficit on photosynthesis may be 
on the chloroplasts. 
There is evidence that some parts of the photochemical reactions 
may be inhibited by desiccation. Non-cyclic and cyclic photophosphory-
lation and electron transport through photosystems 1 and II of pea 
and sunflower leaves were reduced at a leaf water potential below -10 
bars (Boyer and Potter, 1973). Oxygen evolution of the chloroplasts was 
similarly inhibited. Plant age was important as the effects were more 
severe in older plants. The chloroplast enzymes of the carboxylative 
phase^of photosynthesis of barley were not affected by desiccation 
(Huffaker et al., 1970). But, Nir and Poljakoff-Mayber (1967) 
observed a reduction in photophosphorylative and photoredùctive reactions 
of chloroplasts of Beta vulgaris. The intergranal lamellae of flaccid 
leaves was observed to be distorted. These chloroplast reactions may 
be limited due to changes in leaf water potential or its components 
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interacting with membrane or enzyme function (Kramer, 1969) or the 
aqeous environment immediately surrounding enzymes or membranes is 
altered by the decrease in the free energy of water (Klotz, 1958). 
However, turgor (Boyer and Potter, 1973) and osmotic potential (Potter 
and Boyer, 1973) were found to have little effect on photochemical 
reactions of sunflower chloroplasts. 
Desiccation effects on chlorophyll have been reported. Chlorophylls 
of mesophyll cells were affected more than those of bundle sheath 
cells probably due to the vascular supply being further away. 
Alternatively, the mesophyll chloroplasts contain more of the light 
harvesting chlorophyll a and b proteins which were more labile even 
with a mild water stress. Associated with the loss of chlorophyll 
was an alteration of the structural organization of the chloroplast 
membrane and a reduction in the efficiency of the membrane-dependent 
electron transport. Mild water stress reduced chlorophyll formation 
in etiolated leaves with developing chloroplasts due to an inhibition 
of protochlorophyll formation. The conversion of protochlorophyll 
to chlorophyll is relatively insensitive to water stress (Virgin, 
1965). Hence, chlorophyll formation of green leaves with mature 
chloroplasts was not affected (Hsiao, 1973). 
Desiccation generally causes the rate of dark respiration (Boyer, 
1970) and photorespiration (Boyer, 1971a) to decrease though an initial 
increase may be observed (Brix, 1962). Therefore, both these, processes 
do not contribute to the low photosynthetic rate of stressed plants. 
The limited data on recovery of desiccated plants shows leaf 
water potential of sunflower returns rapidly to the unstressed level 
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while photosynthesis and stomatal conductance takes several days 
(Boyer, 1971b), The recovery of the photochemical reactions of sun­
flower chloroplasts was, however, found to be rapid (Potter and 
Boyer, 1973). Silvius et al. (1977) found the recovery of carbon 
dioxide exchange rate was behind that of stomatal resistance when 
soybean plants were stressed below -21 bars. The stomata of maize 
did not reopen though the leaves were turgid (Glover, 1959), The 
response of stomatal opening of broad bean and tobacco to light was 
found by Fischer and Hagan (1970) to be proportional to the level of 
water stress before rewatering. Iljin (1957) suggested that severe 
desiccation may have impaired the stomatal mechanism. 
Carbohydrates, especially the soluble forms, are important metabo­
lites in plant metabolism. Hence, changes in metabolic rates can 
affect the amounts and kinds of carbohydrate present in the plant. 
Generally, water stressed plants accumulate carbohydrates in the 
leaves, stems or roots as starch (Porter, 1966) or simple sugars 
(Mortimer, 1965). Magnee et al. (1932) reported that under dry soil 
conditions, the carbohydrates were present mainly as sugars and less 
as starch. A depletion of starch in bean leaves was also noted by 
Wadleigh et al. (1943) and Turner et al. (1978). The increase in 
soluble carbohydrates of desiccated plants is widely observed. Eaton 
and Ergle (1948) found a substantial increase in hexose and sucrose 
in cotton plants kept at low moisture content, Fukui and Ojima (1957) 
reported an increase in total sugar in leaves and stems of stressed 
soybean plants. The sugar concentration of stressed corn seedlings 
also increased (Barlow et al., 1976). Hsiao et al. (1976) reported 
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that the vertical profiles of sugar concentration in leaves of field 
grown corn followed that of the water potential gradient. This may be 
important in maintaining turgor and stomatal response of upper leaves, 
Wardlaw (1968) attributed the changes in distribution pattern of 
assimilates of plants under stress to reduced growth rates and 
hence, utilization rather than any direct effect on translocation. 
This suggestion is supported by the finding of Hartt (1967) who 
observed an increase in sugar content of sugarcane stems being 
associated with reduced growth. The abolishment of the upward move­
ment of sucrose in stressed plants with limited apicable growth 
(Plaut and Reinhold, 1965) further supports the hypothesis. 
Plants grown under water stress have been observed to continue 
elongative growth and maintain open stomata to lower values of leaf 
water potential than controls (Culter and Rains, 1978). It has been 
hypothesized that these responses can be due to a lowered cellular 
osmotic potential generated in part by solute accumulation (Jarvis 
and Jarvis, 1963). Turner et al. (1978), however, found no evidence 
for osmotic adjustment in two soybean cultivars grown in the field. 
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III. CHANGES IN SOIL MOISTURE CONTENT AND LEAF WATER 
POTENTIAL COMPONENTS OF SOYBEANS SUBJECTED TO 
OSMOTIC WATER STRESS 
A. Introduction 
The osmotic-solution semipermeable membrane stress system involves 
an exchange of water between the soil and that of the osmotic solution 
via the semipermeable membrane until equilibrium is reached (Zur, 1966). 
When a plant is grown in the soil, the soil water content decreases 
due to water taken up by the plant. Water will then move in from the 
solution to the soil in response to a decreasing water potential gradient 
to maintain the equilibrium state. The plant response to different 
levels of water stress induced by the osmotic stress system can thus be 
evaluated by determining the changes in soil moisture content and water 
potential of soybean leaves. 
Experiments were designed to determine the effects of various 
osmotic stress treatments on soil moisture content, leaf water potential 
and its components and the relative water content of leaves at different 
stages of plant development. These data are required for an under­
standing of the function of the osmotic stress system and the severity 
of stress developed in the plants. The experiments, therefore, have 
the following objectives: 
1. To determine the severity of stress which develops in soybean 
plants at the podding stage to varying levels of osmotic stress when 
grown and stressed under normal diurnal conditions. Water stress at pod-
filling is known to adversely affect flower and pod production and hence 
yield (Shaw and Laing, 1966; Sionit and Kramer, 1977; Carlson et al., 
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1978). The physiological basis of these effects has not been fully 
elucidated. The osmotic stress system, to be useful, must therefore be 
able to function on plants during the podding stage. 
2. To determine the level of stress which develops in soybean 
plants subjected to varying levels and periods of osmotic stress at 
different stages of development under continuous fluorescent lighting. 
This is to establish whether the level of stress developed could be 
maintained at a constant level during the treatment period. 
3. To define the time required for the soil-plant system to 
establish an equilibrium state with the osmotic solution, i.e., the 
rapidity a particular stress level is developed and maintained in the 
plant. 
4. To establish the relationship between water potential compo­
nents and relative water content of soybean leaves subjected to osmotic 
stress. 
The water relations of single leaves and the ecological adaptation 
of leaves to different environments could be explained by various water 
relations parameters obtained from a pressure-volume curve of single 
leaves (Cheung, et al., 1975). The theoretical basis for this pressure 
bomb technique has been discussed by Tyree and Hammel (]972) and 
Cheung, et al., (]976). The usefulness of this technique for obtaining 
water relations parameters of soybean leaves were evaluated. The physical 
parameters obtained from the pressure-volume curve were compared with 
those obtained by direct measurements. 
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B. Materials and Methods 
The soil, polyethylene glycol and plant material used in the 
experiments are first described. A description of the different 
experiments carried out are then reported as the procedures varied 
from experiment to experiment. 
1. Soil 
The soil used in the experiments was a Nicollet clay loam collected 
from the Agronomy Agricultural Engineering Research. Center near Boone, 
Iowa. This soil was selected for its high water holding capacity. The 
soil collected from the top 20 cm is a black clay loam of a friable 
consistency when moist. The available water between 0-20 cm was reported 
by Wynne (1976) to be .16cc/cc. Chemically, the surface soil has a high 
amount of exchangeable bases of mainly calcium and magnesium and a pH 
of 7. The total organic carbon and total nitrogen were reported to be 
3.33% and .287%, respectively (USDA, 1977). Due to the relatively high 
clay content, the soil hardens into a solid column when dried. It was, 
therefore, mixed with sand at the ratio of.3:1 (volume by volume) to 
obtain a more workable soil. 
The moisture characteristic curves of the Nicollet soil collected 
and the soil mixture of three soil to one sand (y/v) were determined 
by the pressure plate techniques described by Richards (1965) and 
are shown in Fig. 1. From this soil water content-pressure relation­
ship, the soil matric potential value can be obtained when the soil 
moisture content is determined. 
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Figure 1. Soil moisture characteristic curve of Nicollet 
soil and the soil mixture. 
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2. Osmotic potential of PEG 20,000 solution 
The osmotic solutions used in the experiments were prepared from 
polyethylene glycol (PEG) 20,000 with an average molecular weight of 
15,000 to 20,000. PEG 20,000 was chosen as it has been shown to be an 
effective osmoticum and is less likely to be absorbed by the plants. 
The relationship between osmotic potential and concentration of PEG 
20,000 has not been established. It was determined at four different 
temperatures (.21°, 23°, 25° and 27° C) as the osmotic potential of PEG 
6,000 was found to increase with a rise in temperature (Michel and 
Kaufmann, 1973). 
PEG 20,000 of various molal concentrations were prepared in 
distilled water and allowed to equilibrate in the growth chamber at 
the test temperature for twelve hours. This was done for each of the 
four temperatures using the same bottle of PEG solution beginning 
from the lowest to the highest temperature. To determine the osmotic 
potential, a drop of PEG solution of known concentration was absorbed 
onto a small filter paper disc. The soaked disc was immediately 
incubated for three minutes in a Wescor model C52 sample chamber. The 
microvolt reading of the sample at the test temperature was determined 
from a Wescor HR 33T microvoltmeter. The osmotic potential (Ts) was 
then calculated from the following regression equation obtained with 
standard sodium chloride solution: 
Yg = +.786 - 1.373X 
where X is the microvolt reading of the sample corrected to 25°C. The 
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osmotic potential of PEG 20,000 in half-strength Hoggland solution at 
25° C was also determined. There were three replications for each of 
the PEG solutions tested. 
A curvilinear relationship between osmotic potential and concentra­
tion of PEG in distilled water at the four temperatures (Fig. 2a) and 
in nutrient solution at 25° C (Fig. 2b) was observed. There was also 
an increase in osmotic potential with temperature. These behaviors of 
PEG 20,000 conform with those of PEG 6000 (Michel and Kaufmann, 1973). 
The synergistic effect of half-strength Hoagland solution on the osmotic 
potential of PEG 20,000 was negligible at higher concentrations of PEG 
solutions (Fig. 2b). The osmotic effectiveness of PEG in solution has 
been attributed to its degree of molecular folding (Michel and Kaufmann, 
197 3). In aqueous solution, PEG molecules are made up of helical segments 
with occasional disorder and folding. Where disorder is low as in 
dilute solutions, the osmotic effect is small. At higher concentrations, 
the disorder is increased resulting in a greater osmotic effect. The 
decrease in osmotic potential with an increase in temperature is due to 
a reduction in hydrogen bonding between PEG and water through, an altera­
tion of the structure of water around the helical segments of PEG. 
The osmotic potential-concentration relationship of PEG 20,000 
found was used to determine the concentration of PEG required to 
establish the different osmotic stress levels for the various 
experiments. 
Figure 2a. The osmotic potential of different 
concentrations of PEG 20,000 in 
distilled water at four different 
temperatures. 
Figure 2b. The osmotic potential of different 
concentrations of PEG 20,000 in 
half-strength Hoagland nutrient 
solution or distilled water at 25°C. 
(a )  
• 23°C 
O 25°C 
A 27°C 
450 
03 U 
A) A 
o a. 
C/7 
o 
gm PEG/Kg H«0 
(b) 
-25 O PEG in Hoagland Solution 
• PEG in Distilled Water 
-20 
-15 — 
-10 
-5 — 
250 450 350 150 
gm PEG/Kg SOLUTION or H^O 
32 
3. Plant material and culture 
Soybeans (Glycine max (L.) Merrill) variety, Corsoy, were grown 
from seeds in the greenhouse on metal trays until the unifoliate leaf 
bad developed. The seedlings were then transplanted into cylindrical 
containers. Each cylindrical container consisted of a black, hollow 
cylinder (made from rigid vinyl) and a polythene bag. The hollow 
cylinder had an inside diameter of 7 cm and a length of 30 cm. Into 
this cylinder was placed a small polythene bag C30 cm x 10 cm) with the 
open end securely taped to the cylinder. The polythene bag was filled 
with, the soil mixture which was compacted and watered to allow the soil 
to settle to a height of 24 cm. The soil column formed within the poly-
3 
thene bag had a soil volume of about 924 cm . The bulk density of the 
3 
soil column was found to be about 1.30 gm/cm . A unifoliate leaf 
seedling was transplanted into each cylindrical container and trans­
ferred to the growth chamber for further growth and development. Since 
the growth, conditions in the growth chamber varied with the experiment, 
they are described under the different experiments. 
Irrespective of growth conditions in the growth chamber, the plants 
were watered during the early stages of growth with half-strength 
Hoagland nutrient solution (Hoagland and Arnon, 1950) once a day. When 
the plants reached the V5 stage of development as described by Fehr, 
et al. (1971), they were watered twice a day (morning and afternoon) 
with the nutrient solution. 
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4. Experiments 
a. Experiment on podding plants grown and stressed under normal 
diurnal conditions The unifoliate leaf seedlings transferred into 
cylindrical containers were grown in the growth chamber with day/night 
temperatures of 27°/20°C; day/night relative humidity of 40/50%; a 
—2 photosynthetically active radiation of 500 uEinsteins m sec 
supplied by cool, white fluorescent and incandescent lamps, and a 
photoperiod of fifteen hours (6AM to 9PM). 
Plants at the V13-14/R4 stage of development (?ehr, et al., 1971) 
were used in the experiment. This completely randomized experiment had 
four stress levels. The non-stress treatment (control) consisted of 
plants grown in the cylindrical containers and watered twice a day to 
drip point. Plants- subjected to stress were transferred to semipermeable 
membrane tubings and were placed either in water or -4 or -8 bars 
PEG solution. The periods of stress were 0, 2, 6, and 10 days. The 
experiment was replicated twice. 
Water-rinsed cellulose tubing of 7.6 cm diameter (Spectrapor 1) 
with minimum molecular weight exclusion limits of 6000 to 8000 were 
used as semipermeable membrane. The soil and plant contained in the 
cylindrical containers were transferred intact into the membrane tubing 
which had one of its open enHs securely knotted and tightened with 
rubber bands. The soil column with the plant roots were carefully slid 
into the membrane tubing so that the top of the membrane was some 5 cm 
above the surface of the soil column. Sixty millimeters of water was 
applied to bring the soil column back to field capacity. The plants 
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were not watered the day before the experiment as a moist, but not wet, 
soil was best for transferring into the membrane tubing. The membrane-
soil-plant system was then allowed to equilibrate in water under diffuse 
light for three hours. This was to ensure that the soil column was 
evenly moistened to field capacity and the plant was not under water 
stress at the start of the experiment. This equilibration time also 
allowed membrane tubings which leaked to be detected and replaced. The 
soil contained in leaky membrane tubings became fully saturated with 
water at the end of the soaking period. 
For stressing the plant, the polythene bag contained within a 
hollow tile Cwith an inside diameter of 12.5 cm and a length of 30 cm) 
was filled with 11/2 liters of PEG solution at the required concentra­
tion. The plant contained in a membrane tubing was placed into the PEG 
solution which was allowed to rise above the top of the soil column 
by 2 cm, but below the top of the membrane tubing by 3 cm. This ensured 
that the whole soil column and plant roots were completely surrounded 
by the osmotic solution for an even stress throughout the soil-root 
system. The plants were then stressed for the period specified for the 
treatment. The concentration of the PEG solution was maintained by 
replacing the water lost through évapotranspiration. The level of the 
PEG solution in the polythene bag was marked after the plant had been 
placed in the solution. Water could then be added until the osmotic 
solution was brought back to the original level. This was done twice 
daily (.9AM and 9PM) at the time the non-stress treatments were watered. 
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The 0 day stress treatments comprised of plants which were equilibrated 
in water for three hours. The 0 day controls were plants watered to 
drip point as the other plants were soaked in water. 
At the end of each stress treatment period, the center leaflet 
of 5th to 12th trifoliate leaf was sampled for leaf water potential 
measurement towards the end of the day, 6PM. After the two-day stress 
period, it was found that the leaf water potential of the different 
stress treatments did not vary with leaf position. This knowledge was 
utilized for determining the diurnal changes in leaf water potential of 
the six and ten day stress treatments. The leaves on the plants were 
divided into top (9th to 12th) and bottom (5th to 8th leaf) leaves. A 
top and a bottom leaf were then sampled at random for the determination 
of leaf water potential at four different times during the day - 600, 
1200, 1800, and 2400 hours. This split-plot portion of the experiment 
had whole plots consisting of two stress periods and four stress levels 
with the different times of day as sub-plots. 
Leaf water potential was determined in this and subsequent 
experiments by the pressure chamber technique described by Scholander, 
et al. (1965). The measurement was made by excising the center leaflet 
which was placed in the pressure chamber with the cut end of the 
petiole protruding. External pressure was then applied until a 
vigorous bubbling of water was observed. This pressure was recorded 
as that which balanced the internal stress of the leaf just before 
cutting. 
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Soil moisture content of the treatments in membrane tubings was 
determined gravimetrically at the end of each stress treatment period 
at three depths, 0-8 cm, 8-16 cm and 16-24 cm. After determining the 
moist weight, the soil samples were dried in an oven to constant 
weight at 105° C. Soil moisture contents were calculated and reported 
on a dry weight basis. The soil moisture content of the control plants 
grown in cylindrical containers was not determined as previous 
observations have shown it to be at field capacity values of ]7% 
to 20%. 
b. Experiment to determine the changes in soil moisture content 
of bare soil and planted soil subjected to osmotic water stress The 
first experiment had shown that the plants at podding were too large 
and the stress applied was too high for the osmotic stress system to 
function normally. An experiment was conducted to determine the 
changes in soil moisture content of bare soil and soil grown with 
smaller soybean plants (V5 and V7) to lower levels of osmotic stress. 
The unifoliate leaf seedlings in the growth chamber were grown 
under the conditions described in the first experiment except that the 
plants were kept energized with fluorescent lights throughout the 
growth period. The photosynthetically active radiation of the 
fluorescent lights was 400 uEinsteins m ^ sec ^ at plant height. The 
fifteen hour photoperiod of incandescent lights was maintained intil 
stress was imposed so that the plants were photoinduced. The plants 
were watered with half-strength Hoagland nutrient solution as described 
earlier. 
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To maintain a constant environment during the experimental period, 
plants were grown under continuous fluorescent lights. The temperature 
in the growth chamber was kept constant at 25° C and the relative 
humidity maintained between 60% and 70% with the aid of a humidifier 
and an open basin of water. The incandescent lamps were switched off 
to reduce infra-red radiation (a heat source) so as to minimize the 
evaporative demand for water in the growth chamber. 
The experiment was laid out as a completely randomized experiment 
with three stress levels of control, -3, and -7 bars PEG solution; 3 and 
7 days of stress; and bare soil or soil with plants at V5 or V7/R1 
stage of development. The experiment was replicated twice. 
For the stress treatments, the soils and plants were transferred 
into membrane tubings. With the bare soil treatment, the air-dry 
soil was filled into the membrane tubings on the day of the experiment 
and moistened to field capacity. Both the planted and unplanted soils 
were then soaked in water to equilibrate overnight. This was to ensure 
the soils were evenly soaked to field capacity at the start of the 
experiment. The planted and unplanted soils contained in membrane 
tubings were then subjected to osmotic stress in the appropriate 
concentration of PEG solutions prepared overnight. The control 
treatments in cylindrical containers were watered to drip point, and the 
PEG solutions brought back to volume with water twice daily , at 9AM 
and 9PM, during the experiment. 
At the end of the stress period of 3 or 7 days, the soil moisture 
content was determined gravimetrically as described in Experiment a. 
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Leaf water potential was determined by the pressure chamber technique 
mentioned earlier. Osmotic potential and relative water content 
were also determined. 
Osmotic potential (^s) was measured on the same leaf as water 
potential. Immediately after determining the leaf water potential, 
the same center leaflet was placed in a chilled 3 ml disposable 
syringe and frozen in dry ice. The samples were then stored in the 
freezer until measured. Measurement of the osmotic potential was made 
by thawing the leaf samples for 1 1/2 hours at 25° C to disrupt the 
cell membranes. The cell sap was expressed from the leaf and a drop 
of the solution was absorbed in a small disc of filter paper. The disc 
of test solution was rapidly incubated in a Wescor Model C52 sample 
chamber for measuring the microvolt reading of the sample at dew 
point with a Wescor HR 33T microvoltmeter. The osmotic potential of 
the sap was calculated by the equation given in the first experiment. 
Turgor potential (^p) was estimated by difference between water 
and osmotic potential measured on the same leaf sample which had been 
frozen and thawed. The relationship of these parameters is given by 
the standard equation: 
il; = lb + ip , hence 
1 s ^p 
% = ^ 1 - ^ s 
In this calculation, matric potential was assumed to be zero. Where 
negative turgor of -1 bar was obtained, it was reported as being 
zero turgor. 
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Relative water content was determined on five 1 cm diameter discs 
punched from each of the two lateral leaflets of the center leaflet 
sampled for water and osmotic potential measurements. The fresh weight 
(W^) of the leaf discs was rapidly determined. The discs were then 
floated on water to saturate under fluorescent light for 4 hours at 
room temperature to minimize respiratory loss and Infiltration of water. 
After flotation, the discs were surface dried and weighed to determine 
the turgid weight (W^). The oven-dry weight (W^) of the leaf discs 
was obtained by oven-drying at 70° C to constant weight. Percentage 
relative water content (RWC) was calculated from the following 
equation; 
RWC = ^f ~ ^o X 100 
Wt -
c. Experiment on short-term responses of vegetative and flowering 
plants water stressed under a constant light environment The earlier 
experiments have shown that the leaf water potential and soil moisture 
content leveled off after the third day of stress. Two separate 
but similar experiments were, therefore, carried out to examine the 
short-term responses of leaf water potential and soil moisture content 
of V5 and V7 plants to the osmotic stress. In these completely random­
ized experiments, there were two levels (-3 and -7 bars PEG solution) 
and six periods of stress (0, 12, 24, 36, 48, and 72 hours) with two 
replications. 
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The unifoliate leaf seedlings were grown and cultured under the 
conditions described in Experiment b. During the stress treatment, 
plants were grown under continuous fluorescent lights at a constant 
temperature of 25° C and a relative humidity of 60% to 70%. 
As before, the plants at the appropriate stage of development 
were transferred to tubular membranes and soaked in water to equilibrate 
for three hours before stress was imposed. 
Leaf water, osmotic and turgor potential and relative water 
content were determined by the procedure already described. Soil 
moisture content of the top (0-10 cm) and bottom (10-24 cm) soil 
column was determined gravimetrically. 
d. Experiment to determine whether soybean plants exhibit diurnal 
changes in water potential components when water stressed under a 
constant light environment This experiment was basically the same 
as that of Experiment b except the experiment was designed differently 
so as to measure diurnal variations in leaf water potential and its 
components. 
The conditions of growth before and during the experiment were 
the same as Experiment b except that the photoperiod was reduced to 
14 hours and during the night hours the lighting was of half fluorescent 
lights with a photosynthetically active radiation of 150 uEinsteins 
-2 • -1 
m sec . These changes were made to produce smaller plants for the 
experiment. 
The experimental design was a split-plot with whole plots arranged 
in a randomized complete block design and sub-plots as a 3 x 3 Latin 
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square. The whole plot treatments consisted of four levels of stress, 0 
(plants grown in cylindrical containers and watered), 1 (plants in 
membrane tubings kept in water), 2 (-3 bars PEG), and 3 (-6 bars PEG) ; 
2 stages of development (V5 and V7); and two periods of stress (3 and 7 
days) with three replications (each block of treatments was laid out 
at a different time). The sub-plots in a 3 x 3 Latin square arrangements 
had replication forming the columns and leaf number constituting the 
rows. The sub-plot treatments were the three different times of the day 
(600, 1400 and 2200 hrs) at which leaves were sampled for measurement. 
The Latin square arrangement is illustrated below; 
Replication (Column) 
1 2 3 
Leaf 3 600 1400 2200 
number 4 1400 2200 600 
(rows) 5 2200 600 1400 
The leaf number was counted from the top downward with the most 
recently unrolled leaf as leaf number 1 and the next developing leaf 
as number 2. The 3rd, 4th, and 5th leaf were sampled for leaf water 
and osmotic potential measurements at the time indicated for the 
replicate. This numbering was adopted so that leaves sampled from V5 
and V7 plants were at a comparable stage of physiological development. 
At the end of 3 or 7 days of water stress, leaf water potential 
was measured as described earlier. Osmotic and turgor potentials were 
determined only for the 3 day stress period as earlier experiments have 
shown that the change in leaf water potential between three and seven 
days of stress was small. Relative water content was determined on 
leaf discs sampled from the lateral leaflets of the uppermost developed 
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trifoliate leaf after 3 and 7 days of stress by the procedure described 
in Experiment b. Gravimetric determination of soil moisture content 
was carried out for soils between 0-10 cm and 10-24 cm. 
Stomatal diffusive resistance was measured with a Lambda diffusion 
porometer with a horizontal sensor (Kanemasu et al., 1969). Measure­
ments were made on the topmost developed trifoliate leaf to avoid 
shading and senescence effects. Adaxial and abaxial stomatal 
resistances were measured separately on adjacent halves of the same 
center leaflet. In calculating the stomatal resistance, the two 
leaf surfaces were assumed to act in parallel series. Stomatal 
conductance (c), the reciprocal of stomatal resistance was then 
calculated from the equation: 
c = 1 + 1 
\d \b 
e. Determining the pressure-volume relations of soybean 
leaves The pressure-volume relations of soybean leaves were 
determined by the method described by Cheung et al. (1975). The 
initial water potential of the center leaflet of an uppermost developed 
trifoliate leaf was determined. The applied pressure was then increased 
by 4 bars to compress water out of the leaf cells onto the cut surface 
of the petiole. This pressure was maintained for a period of ten minutes 
after which it was released. The expressed water was collected by a 
strip of paper towel contained in a 7.5 cm polyethylene tubing which 
just fits over the petiole so that the paper towel was in close 
contact with the cut petiole surface. The tube of paper towel was 
weighed before and immediately after collecting the sap for ten minutes. 
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The difference gives the weight or volume of water expressed. The new 
xylem tension was then determined and a new tube of paper towel was 
placed over the petiole surface. The pressure was raised by another 
4 bars for ten minutes and the sap collected was again determined by 
weighing. These processes were repeated seven times to complete a 
pressure-volume measurement. The evaporative water loss from the 
leaflet during measurements was kept below 5% by lining the inside 
surface of the pressure chamber with a piece of wet filter paper. The 
pressure-volume curve was obtained by plotting the total amount of 
expressed water obtained each time against the reciprocal of the xylem 
sap tension determined. From this curve, various physical parameters 
on the water relations of soybean leaves were obtained as described by 
Cheung et al. (1975). This was done on leaves of podding plants 
grown in the growth chamber. The plants were stressed by withholding 
watering to a leaf water potential of either -5 to -6 or -10 to -11 bars. 
C. Results and Discussion 
The results of the experiments are presented and discussed in 
the same sequence as reported in the Materials and Methods. 
1. Experiments 
a. Experiment on podding plants grown and stressed under normal 
diurnal conditions The leaf water potential of the podding plants 
was affected by the interaction between level and period of water stress 
(Table 1). The control treatment (stress level 0) did not show 
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significant changes in leaf water potential with level or period of water 
stress (Fig. 3). Watering twice dally at twelve hour Intervals was, 
therefore, able to maintain sufficient moisture in the soil for plant 
use. Plants kept in water (stress level 1) showed a significant decrease 
in leaf water potential, which after two days of stress was -14.4 bars. 
This level was maintained even after six and ten days of stress. When 
plants were stressed in -4 bars PEG solution (stress level 2), the leaf 
water potential decreased from -3 bars to -20.5 bars after two days of 
stress and then fell to -23.6 bars with six days stress. No further 
significant decline was evident after a stress of ten days; A similar 
trend was observed on plants stressed in -8 bars PEG solution (stress 
level 3) except that the magnitude of change was significantly greater 
than that of -4 bars after six and ten days of stress. Leaf water 
potential showed a significant decrease with an increase lii stress for 
all three periods of stress. 
Table 1. Mean squares for leaf water potential of soybeans subjected 
to different levels and periods of water stress at the 
podding stage 
Source of variation df Mean squares 
Period of stress (P) 3 367.69*** 
Level of stress (L) 3 388.88*** 
P X L 9 62.32*** 
Error 16 1.23 
***Slgnifleant at 0.001 level of probability. 
The soil moisture content of the stress treatments responded largely 
to levels and periods of stress although soil depth also had a signifi­
cant effect (Table 2). Plants placed in water had a significantly 
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Figure 3. Leaf water potential of podding plants water 
stressed at different levels for various periods. 
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Table 2. Mean squares for soil moisture content of podding soybean 
plants water stressed at various levels for different 
periods 
Source of variation df Mean square 
Level of stress (L) 2 9.19*** 
Period of stress (P) 3 551.39*** 
L X P 6 0.56 
Error (a) 12 1.37 
Soil depth (D) 2 0.44* 
D X L 4 0.13 
D X P 6 0.28 
D X L X P 12 0.14 
Error (b) 24 0.11 
*Significant at 0.05 level of probability. 
***Significant at 0.001 level of probability. 
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higher soil moisture content than those kept in PEG solutions (Table 3a) 
which did not differ from each other. After two days of stress, the 
soil moisture content declined from 20.6% to less than 10%, which was 
well below the wilting point of the soil. Though there was a further 
significant decline in soil moisture at six and ten days of stress, the 
change of 0.4% was small (Table 3b). The surface 8 cm of soil had 
a lower moisture content than the two deeper layers,. The difference 
of 0.3%, though significant, was small (Table 3c) and can be attributed 
to evaporative water loss from the soil surface. 
The foregoing results indicate that the plants were too large for 
the osmotic system to function normally under the growth conditions in 
the growth chamber. This is supported by the fact that when the same 
plants were equilibrated in water at the start of the experiment, the 
leaf water potential was between -3 to -4 bars. It decreased to -14 
bars in the growth chamber. While the semipermeable membrane may offer 
some resistance to water movement into the soil, much of the decline in 
leaf water potential can be ascribed to water lost by évapotranspiration 
being greater than water absorption by plants. This is supported by 
the soil moisture data. Under the stress conditions, there was just 
insufficient water movement into the soil to meet the plant's require­
ment for water. The 13% soil moisture for plants kept in water was 
equivalent to a matric potential of -10 bars which should have been at 
field capacity. Though there was some water movement into the soil it 
was inadequate and hence the leaf water potential fell to -14 bars 
between two and ten days of stress. The soils of plants stressed in 
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Table 3a. The effects of water stress levels on the moisture content 
of soil with soybean plants at the podding stage 
Level of stress Soil moisture content (%) 
Water 13.0 LSD = 0.74 
-4 bars PEG solution 12.1 LSD = 1.03 
-8 bars PEG solution 11.8 
Table 3b. The effects of stress period on the moisture content of 
soil with soybean plants at the podding stage 
Period of stress (days) Soil moisture content (%) 
0 20.6 LSD = .85 
2 9.8 " 1-19 
6 9.4 
10 9.4 
Table 3c. The change in moisture content with soil depth for podding 
plants stressed at different levels for various periods 
Soil depth (cm) Soil moisture content (%) 
0-8 12.1 LSD = .20 
8-16 12.4 LSD ' .27 
16-24 12.4 
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PEG solutions were at wilting point, Large plant size together with a 
high osmotic stress led to a greater decrease in leaf water potential 
due to a drying out of the soil column. 
Diurnal changes in leaf water potential were strongly influenced 
by stress level and time of day. Both these factors, however, inter­
acted with period of stress to influence leaf water potential (Table 4), 
For both six (Fig. 4) and ten (Fig. 5) days stress, no significant 
diurnal changes in leaf water potential were observed for non-stressed 
plants (stress level 0). Plants stressed in water (stress level 1) 
showed the leaf water potential at 600 hours of -5,3 bars was comparable 
to that of unstressed plants. When the lights came on, the value 
decreased to -12.0 and -13.4 bars at 1200 and 1800 hours, respectively. 
When the lights were switched off at 2100 hours, the leaf water potential 
of 2400 hours had returned to that of the morning value. With stress 
level 2 (-4 bars PEG) and 3 (-8 bars of PEG) a similar diurnal trend was 
observed but at more negative water potential values. 
Table 4. Mean squares for water potential of soybean leaves sampled 
at different times of the day after six and ten days of 
water stress at different levels during the podding stage 
Source of variation df Mean squares 
Period of stress (P) 1 6,37 
Level of stress (L) 3 1690,50*** 
P X L 3 1,66 
Error (a) 8 5,77 
Time of day (T) 3 98.53*** 
T X P 3 0.53 
T X L 9 7.98*** 
T X P X L 9 1.08* 
Error (b) 24 0,46 
*Significant at 0.05 level of probability. 
***Significant at 0.001 level of probability. 
Figure 4. Diurnal variation in leaf water 
potential of podding plants 
after six days of water stress 
at different stress levels. 
Figure 5. Diurnal variation in leaf water 
potential of podding plants 
after ten days of water stress 
at different stress levels. 
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Within each time of day, no significant difference in leaf water 
potential was found between stress level 0 and 1 for both six and ten 
days of stress at 600 and 2400 hours. Tlie leaf water potentials aI 
1200 and 1800 hours were, respectively, -12.0 and -13.4 bars for stress 
level 1, -22.9 and -23.1 for stress level 2, -27,1 and -29.8 for stress 
level 3. 
The diurnal changes observed are due to water absorption by plants 
lagging behind transpiration during the light hours so that water 
deficits developed in the leaves. In the dark, transpiration ceases due 
to stomatal closure and hence a rapid recovery of the leaf water 
potential. Due to the control environment in the growth cham,beiT there 
were no significant fluctuations in leaf water potential between 1200 
and 1800 hours for all levels of stress. 
b. Experiment to determine the changes in soil moisture content 
of bare soil and planted soil subjected to osmotic water stress The 
soil moisture content was found to be influenced by the stage of plant 
development, level of stress, soil depth and their interactions (Table 5). 
Bare soil of non-stressed treatments had significantly less moisture 
in the top soil due to evaporative loss of water. In the absence of a 
plant, the water in the lower soil column was not extracted and hence 
the higher soil moisture between 10-24 cm (Table 6a). When the bare 
soil was stressed in PEG solutions, the moisture content of the top 
and bottom soil column was found to be similar. This showed that the 
osmotic stress was equally effective over the entire soil columji. 
When the soil was in -3 bars PEG solution, the soil matric potential 
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was found to be -4 bars with the soil moisture content at 14%. In -8 
bars PEG solution, the soil moisture content of 12% approached that 
of the wilting point. The soil in, -7 bars osmotic solution should have 
a moisture content of 13% to equate with a matric potential of -8 
bars. Evaporative water loss from the soil column, low hydraulic 
conductivity of the drier soil and impedance to water movement due 
to the semipermeable membrane may have caused the discrepancy and the 
soil moisture to fall near the wilting point. 
When a plant is grown in the soil, differences in the moisture 
content can be related to the amount of root development. Plants at 
V5 stage of development have a root system concentrated in the top half 
of the soil and do not extend to more than two-thirds of the soil 
Table 5. Mean squares for soil moisture content of soil without plants 
and with soybean plants at V5 or V7 stage of development 
after various periods and levels of water stress 
Source of variation df Mean squares 
Stage of development 2 90.99*** 
Level of stress (L) 2 675.68*** 
Period of stress (P) 1 3.83 
S x L 4 7.56 
S x P 2 1.03 
L x P 2 0.66 
S x L x P 4 4.13 
Error (a) 18 4.13 
Soil depth (D) 1 76.47*** 
S x D 2 3.74 
L x D 2 0.35 
P x D 1 2.00 
S x L x D 4 1.87** 
S x P x D 2 0,14 
L x P x D 2 0.13 
S x L x P x D 4 0.35 
Error (b) 18 0.32 
**Slgnlfleant at 0.01 level of probability. 
***Signifleant at 0.001 level of probability. 
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Table 6a. Soil moisture content (%) of soil without plants and with 
soybean plants at two stages of development after various 
periods and levels of water stress 
Stage of development Level of stress Soil depth (cm) 
0-10 10-22 
Soil, not planted Control 22.3 24.8 
-3 bars PEG 14.1 14.9 
-7 bars PEG 11.8 12.3 
Plant at V5 stage Control 18.5 20.5 
-3 bars PEG 12.3 15.2 
-7 bars PEG 8.8 12.5 
Plant at V7 stage 
Control 
-3 bars PEG 
17.8 
9.5 
8.1 
20.3 
11.5 
9,7 
-7 bars PEG 
LSD.05 0.84 
t^D.Ol 1.15 
Table 6b. Mean squares for leaf water potential and its component and 
relative water content of V5 and V7 plants after different 
periods and levels of water stress 
Mean squares 
Source of Water Osmotic Turgor Relative water 
variation df potential potential potential content 
Stage of develop­ 1 3.37 0.08 2.41 71.07 
ment 
Level of stress 2 377.13*** 137.42*** 67.45*** 3258.72*** 
(L) 
Period of stress 1 4.33 2.28 0.33 98.01 
(P) 
S X L 2 3.72 0.39 2.12 26.65 
S X P 1 2.04 0.11 1.21 11.07 
L x P 2 5.29 1.49 1.95 118.43* 
S x L x P 2 1.32 0.33 0.64 6.12 
Error 12 1.55 1.19 0.87 28.30 
^Significant at 0.05 level of probability. 
***Significant at 0.001 level of probability. 
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column. The plant was, therefore, unable to utilize the moisture in 
the lower soil resulting in a higher soil moisture content between 
10-24 cm. The roots of V7 plants had grown to the bottom of the soil 
column and were extracting water from it. The lower soil was thus 
drier than that of V5 plants for the same level of stress. Significant 
differences in moisture content of the top soil between V5 and V7 plants 
were observed with -3 bars osmotic stress. The 8-9% moisture of the 
upper soil was well below the wilting point when plants at both stages 
of development were stressed in -7 bars osmotic solution. The differences 
observed can be attributed to a greater water use by the larger plants 
and a rapid decline in hydraulic conductivity as the soils dried coupled 
with a membrane resistance to water movement into the soil. Leaf water 
parameters were found to be influenced largely by the stress level 
(.Table 6b) . Leaf water, osmotic and turgor potentials were all found 
to decrease with an increase in water stress (Table 7a). 
Irrespective of the period of stress, the relative water content 
of plants decreased significantly with an increase in level of stress 
(Table 7b). The decline in leaf water content was 30-45% for plants 
stressed in -7 bars PEG solution compared to the control. Significant 
differences between periods of stress were notrevidênt"except for the 
highest stress level where a decrease of 13% between 3 and 7 days of 
stress was evident. 
These leaf measurements can be associated with the decrease in 
soil moisture content when stress was imposed. The soil moisture 
content was at the wilting point in -7 bars PEG solution and hence the 
large decrease in leaf water potential and relative water content. 
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Table 7a. Components of water potential of soybean leaves at two 
stages of plant development after water stressed at three 
different levels 
Level of 
stress 
Water 
potential 
(bars) 
Osmotic 
potential 
(bars) 
Turgor 
potential 
(bars) 
Control 4.7 11.6 6.9 
-3 bars PEG 10.6 13.6 3.0 
-7 bars PEG 18.4 19.5 1.1 
LSD.05 .48 .42 .47 
l^D.oi .67 .59 . 66 
Table 7b. Relative water content of soybean leaves at two stages of 
development after 3 or 7 days of water stress at different 
levels 
Period of 
stress (days) Control 
Level of stress 
-3 bars PEG -7 bars PEG 
3 
7 
89.5 
89.7 
LSD 
LSD 
05 
01 
80.9 
81.4 
4.9 
5.7 
57.6 
44.7 
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c. Experiment on short-term responses of vegetative and flowering 
plants water stressed under a constant light environment Leaf 
water, osmotic and turgor potential, as well as relative water content 
of V5 plants, show a significant response to both periods and levels 
of water stress (Table 8). 
Table 8. Mean squares for water potential components and relative 
water content of V5 plants subjected to different levels 
and periods of water stress 
Mean squares 
Source of 
variation df 
Water 
potential 
Osmotic 
potential 
Turgor 
potential 
Relative 
water 
content 
Level of stress (L) 1 43 .88*** 23.96*** 3.45*** 147.01*** 
Period of stress 
(P) 
5 85.10*** 32.77*** 12.62*** 294.23*** 
L X P 5 3.64 2.45 0.49 25.02 
Error 12 1.87 1.10 0.56 8.72 
***Significant at the 0.001% level of probability. 
Plants stressed in -3 bars PEG solution developed a leaf water 
potential of -9.5 bars, which decreased to -12.4 bars in -7 bars osmotic 
solution. The corresponding change in osmotic potential was -12.5 bars 
to -14.5 bars. The difference in turgor potential between the two 
stress levels though significant was only 0.8 bar. 
A rapid decline in leaf water potential was observed during the 
first 24 hours of osmotic stress. It then remained steady at -10 to -11 
bars up to 36 hours before falling to -16 bars after a stress period of 
72 hours (Fig. 6). The initial osmotic potential of -10 bars declined 
5P 
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Figure 6. The effects of stress period on leaf water, osmotic 
and turgor potential of V5 plants ( mean of two stress 
levels). 
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gradually to -12 bars after 36 hours of stress. After 72 hours, the 
osmotic potential was -16 bars. Turgor potential decreased rapidly 
during the first 12 hours of stress and then remained steady between 
2 to 3 bars for up to 36 hours. It then fell to 1.3 and 0.7 bar after 
48 and 72 hours, respectively. These changes in leaf water components 
were associated with a decrease in relative water content (Fig. 7), 
Indicating that the gradual fall in osmotic potential was due to 
dehydration of the leaves resulting in a concentration of solutes 
in leaf cells. The relative water content dropped from 91% to 82% 
during the first 12 hours of stress and then at a more gradual pace 
to about 66% after 72 hours of water stress. 
The linear relationship between leaf water potential and its 
components to relative water content is shown in Fig. 8. Turgor 
potential was observed to be zero at a relative water content of 63% 
and a leaf water potential of about -18 bars. 
The water relations of leaves of V7 plants were significantly 
affected by the interaction between periods and levels of water 
stress (Table 9). The leaf water potential of V7 plants stressed in 
-3 bars PEG solution dropped sharply from -3.8 bars to -13.3 bars during 
the first 36 hours before stabilizing at -15.5 bars after 48 hours 
(Fig. 9a). In -7 bars osmotic solution, leaf water potential decreased 
to -13 bars within 24 hours to reach -17.2 and -22.5 bars after 48 and 72 
hours of stress, respectively. Leaf water potential was significantly 
lower with stress at -7 bars PEG during the first 24 hours after which no 
significant difference was observed between the two stress levels until 
the leaf water potential of-7 bars PEG fell to -22.5 bars. The 
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osmotic potential decreased from about -10 bars to -14.9 bars within 
36 hours and to the steady level of -16.4 bars after 48 hours (Fig. 9b). 
A similar trend was evident on plants stressed in -7 bars PEG sèlution. 
However, the osmotic potentials of -17.9 and -22,8 bars for stress, periods 
48 and 72 hours, respectively, were significantly lower than those 
stressed in -3 bars PEG solution. Turgor potential of plants stressed 
in -3 bars PEG solution decreased from 6.1 bars to 1.4 bars after 36 
hours and remained at .8 bar after 48 hours of stress (Fig. 10a). At 
the higher level of stress, the decline was more rapid from 6.3 bars 
to less than 1 bar after 36 hours. Zero turgor was reached after 72 
hours of water stress. 
Table 9. Mean squares for water potential components and relative 
water content of V7 plants subjected to different levels 
and periods of osmotic water stress 
Source of 
variation df 
Water 
potential 
Osmotic 
potential 
Turgor 
potential 
Relative 
water 
content 
Level of stress 1 43.74*** 19.53*** 4.60*** 90.87*** 
(L) 
Period of stress 5 127.08*** 47.65*** 21.00*** 269.83*** 
(P) 
L x P 5 5.99*** 5.56*** 0.83*** 20.40 
Error 12 0.84 0.70 0.08 4.58 
***Significant at 0.001 level of probability. 
Relative water content did not decline significantly until after 
48 hours of stress in -3 bars PEG solution (Fig. 10b). The decrease in 
relative water content was more rapid in -7 bars PEG solution. The 
percentage was significantly lower after 24 hours of stress. Differences 
Figure 9a. The leaf water potential of V7 plants water stressed 
for different periods In -3 and -7 bars PEG solution. 
Figure 9b, The osmotic potential of leaves of V7 plants water 
stressed for different periods In -3 and -7 bars 
PEG solution. 
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between stress levels were not significant for all periods of stress 
except for the 72 hour period. During this period, the relative 
water content of plants stressed in -3 bars PEG solution was 73% com­
pared to the lower 62% for the higher stress levels. This difference 
may be influenced by the higher soil moisture of plants stressed in -3 
bars PEG solution. 
The relationship between relative water content and leaf water 
potential and its components is shown in Fig. 11. Leaf turgor 
potential became zero at a relative water content of 68% and a leaf 
water potential of -19 bars. These values are comparable to those of . 
V5 plants. The water relations of leaves from these two stages of 
development are, therefore, more or less similar. The higher 
2 
coefficient of determination (R ) associated with the linear lines of 
V7 plants may be ascribed to the osmotic stress having a greater effect 
on the larger plants so that relative water content was more responsive 
to the stress treatments. Thus, the slopes of the linear relationship 
were higher for V7 than V5 plants. There was little difference in the 
linear relationship between osmotic and turgor potential to leaf water 
potential between V5 and V7 plants (Fig. 12). Turgor potential declined 
to zero at both stages of development between -18 and -19 bars leaf water 
potential. The osmotic potential of leaves at a leaf water potential 
of -5 to -6 bars was between -10 and -11 bars. At zero turgor, the 
osmotic potential was about -19 bars. 
The leaf water data of bôth V5 and V7 plants are associated with 
changes in the soil moisture content. With V5 plants, the soil 
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moisture content was affected by stress periods and soil depth while 
that of V7 plants had the additional effects of stress levels 
(Table 10). 
For V5 plants, the decrease in soil moisture was rapid during 
the first 24 hours as a change of 10% moisture was evident (Fig. 13). 
The soil moisture then remained at 12% before falling to below wilting 
point after 48 hours of stress. 
V7 plants stressed in -3 bars PEG solution (13.5%) had a signifi­
cant 1.3% more moisture than those stressed in -7 bars solution (12.2%). 
With respect to stress period, the soil moisture content declined 
sharply to below wilting point after 24 hours of water stress to 
reach 9.6% after 48 hours (Fig. 13). 
The surface soil (0-10 cm) of both V5 and V7 plants was signifi­
cantly lower than that of the lower soil column (10-24 cm) as shown 
in the following data: 
Soil depth (cm) Soil moisture content (%) 
V5 V7 
0-10 12.9 12.4 
10-24 14.9 13,3 
LSD 
05 
0.39 0,37 
LSD 
01 
0.54 0.52 
71 
Table 10. Mean squares for soil moisture content of V5 and V7 plants 
water stressed for various periods at different stress 
levels 
Mean squares 
Source of 
variation df V5 V7 
Level of stress (S) 1 9.67 16.92* 
Period of stress (P) 5 157.61*** 176,06*** 
L x P 5 2.31 0,30 
Error (a) 12 2.08 2.01 
Soil depth (D) 1 48.82*** 8.75*** 
L x D 5 0.36 1,51 
P x D 1 0.86 0.70 
L x P x D 5 0.61 0.24 
Error (b) 12 0.38 0.35 
*Significant at 0.05 level of probability. 
***Signifleant at 0.001 level of probability. 
Figure 13. Moisture content of soils grown with V5 or V7 plants after different 
periods of water stress (mean of two stress levels). 
SOIL MOISTURE CONTENT, % 
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d. Experiment to determine if soybean plants exhibit dfuynal 
changes in water potential components when ^ tey stressed under a 
constant light environment Leaf water potentials of V5 and V7 
plants varied depending on the level of stress Imposed as the stress 
level by stage of plant development Interaction was significant 
(Table 11). Figure 14 reveals that the Interaction was due to the. 
greater decrease In leaf water potential of V7 plants stressed in 
-3 bars PEG solution (stress level 2). No significant difference in 
leaf water potential was observed between V5 and V7 plants at other 
stress levels. 
The difference in leaf water potential between three (-9.6 bars) 
and seven (-10.2 bars) days of stress though significant was less than 
-1 bar. 
Leaves sampled early in the morning (600 hrs) had a lower leaf 
water potential of -10.1 bars compared to -9.7 bars and -9.6 bars for 
1400 and 2200 hours, respectively. The difference, though, significant, 
was small. 
The leaf water potential of plants stressed for three days showed 
similar responses (Table 12) as the earlier analysis for the three and 
seven day periods (Table 8) and will therefore not be discussed 
further. 
The osmotic potential of VS and V7 plants water stressed for 
three days was found to respond mainly to the level of stress imposed 
(Jable 12). No significant difference was observed between stress 
level 0 (-10.8 bars) and 1 (-11.5 bars), but those of level 2 (-13.6 
bars) and 3 (-16.1 bars) were significantly lower. 
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Table 11. Mean squares for leaf water potential of soybeans sampled 
at different times of the day after various levels and 
periods of water stress at two stages of plant development 
Source of variation df Mean squares 
Replicate 2 6.35 
Stage of development (S) 1 8.84 
Period of stress (P) 1 12.47* 
Level of stress (L) 3 1001.09*** 
P x L 3 1.79 
S x L 3 14.48** 
S x P 1 4.94 
S x P x L 3 3.76 
Error (a) 30 2.83 
Leaf position 2 0.08 
Time of day (D) 2 1.63** 
L x D 6 0.17 
P x D 2 0.16 
S x D 2 0.32 
P x L x D 6 0.21 
S x L x D 6 0.14 
S x P x D 2 0.16 
S x P x L x D 6 0.05 
Error (b) 62 0.18 
*Significant at 0.05 level of probability. 
**Significant at 0.01 level of probability. 
***Significant at 0.001 level of probability. 
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Figure 14. The leaf water potential of V5 and V7 plants 
subjected to different levels of water stress 
( mean of two stress periods). 
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Turgor potential was affected mainly by stress level, which, 
however. Interacted with time of day leaf samples were measured 
(Table 12). The interaction was due to a significant decrease in 
turgor potential of the control treatments sampled at 600 hours 
(Fig. 15). 
Table 12. Mean squares for osmotic and turgor potential of soybean 
leaves sampled at different times of the day from V5 
and V7 plants after three days of stress at different 
levels 
Mean squares 
Source of 
variation df 
Water 
potential 
Osmotic 
potential 
Turgor 
potential 
Replicate 2 1.07 0.58 0.56 
Stage of development 
(S) 1 13.50* 18.41 0.33 
Level of stress 
CL) 3 461.58*** 105.24*** 126.29*** 
S x L 3 13.32* 1.74 3.71 
Error (a) 14 2.40 5.53 3.17 
Leaf position (L) 2 0.04 2.73 0.70 
Time of day (D) 2 0.68* 0.63 0.52 
S x D 2 0.16 1.17 0.21 
L x D 6 0.08 4.18 2.03** 
S x L x D 6 0.15 1.09 0.71 
Error (b) 30 0.17 2.03 0.58 
*Signifleant at 0.05 level of probability. 
**Significant at 0.01 level of probability. 
***Signlfleant at 0.001 level of probability. 
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• 600 hours 
A 1400 hours 
A 2200 hours 
LEVEL OF STRESS 
Figure 15. The turgor potential of leaves sampled at different 
times during the day after water-stressed for 
three days at different levels(fflean of two stages 
of plant development). 
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The decrease in leaf water potential and turgor potential of 
leaves sampled at 600 hours is likely to be associated with the 
watering regime adopted in the experiment. The plants were watered 
daily at 9AM and 9PM. Therefore, the time lag between watering and 
leaf water potential measurements was nine hours for the 600 hours 
sampling compared to one and five hours for 1400 and 2200 hours, 
respectively. 
The relative water content of leaves was affected by the stress 
level, and the interaction between stress period and stage of plant 
development (Table 13). As shown below, the relative water content 
of leaves decreased with an increase in stress level; 
Level of stress Relative water content (%) 
0 90.3 
1 87.0 
LSD nr = 2.7 
2 77.3 
3 72.9 
The significant interaction between period of stress and stage 
of plant development was due to the relative water content of V7 
plants being lower than that of V5 plants after three days of stress. 
This difference was not observed after a stress of seven days 
(Table 14). 
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Table 13. Mean squares for relative water content of leaves from 
V5 and V7 plants water stressed at different levels for 
three and seven days 
Source of variation df Mean squares 
Replicate 2 5.0589 
Stage of development (S) 1 11.0208 
Period of stress (P) 1 0.0008 
Level of stress (L) 3 796.7905*** 
S x P 1 44.0833* 
S x L 3 14.0103 
P x L 3 23.6014 
S x P x L 3 1.2361 
Error 30 10.1496 
*Significant at 0.05 level of probability. 
***Significant at 0.001 level of probability. 
Table 14. The relative water content of leaves of V5 and V7 plants 
stressed for three and seven days 
Period of stress (days) Stage of development 
V5 V7 
3 83.3 80.4 
7 81.4 82.3 
LSD_o5 - 2.6 
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Leaf water, osmotic and turgor potential were found to be linearly 
related to relative water content (Fig. 16). The coefficient of 
2 determination (R ) showed that more than 85% of the change in leaf water 
or turgor potential was accounted for by relative water content. The 
osmotic potential was less sensitive to changes in relative water content 
which accounted for only 77% of the variation. Turgor potential reached 
zero when the relative water content of leaves had fallen to 72%. 
This corresponds to a leaf water potential of -16 to -17 bars. Turner 
et al (1978) reported that field grown soybeans maintained a relative 
water content of 83% at zero turgor which occurred between -15 and -17 bars 
leaf water potential. This may be attributed to the plants having the 
opportunity to explore a greater soil volume for water. 
Stomatal conductance was affected mainly by the level of stress 
(Table 15a). Increasing water stress led to a rapid decline in 
stomatal conductance as shown by the following data : 
Level of stress Stomatal conductance (cm/sec ^): 
0 .182 
1 .145 LSD Qg = .024 
2 .040 
3 ' .031 ^®°.01 = .033 
The time trend in stomatal response to water stress determined on 
treatments stressed continously for seven days showed significant 
period by level and period by stage of development interactions (Table 
15b). During the first day of stress, stomatal conductance of V7 plants 
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Y. = 23.65770 + 0.33361X 
R2 =.86149 
» a 
RELATIVE WATER CONTENT, % 
Ya=60.65625-0.62423 
R2=.89849 JQ 
Turgor Potential 
H— Water Potential -10 CL 
Osmotic Potential 
-15 
Y.= 35.61271 -0.27484X 
R2=.77521 
-20 
-25 
Figure 16. The relationship between turgor potential, leaf 
water potential or osmotic potential and relative 
water content of leaves for the three days stress 
period. 
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Table 15a. Mean squares for stomatal conductance of soybean leaves 
of V5 and V7 plants water stressed for three and seven 
days at various levels of stress 
Source of variation df Mean squares 
Replicate 2 .00438^ 
Stage of development (S) 1 .00234 
Level of stress (L) 3 .06797^^^ 
Period of stress CP) 1 .00005 
S x P 1 .00038 
S x L 3 .00076 
P x L 3 .00029 
S x P x L 3 .00060 
Error 30 ... .00085'* .... .... .... .... 
•Significant at 0.05 level of probability. 
***Significant at 0.001 level of probability. 
Table 15b. Mean squares for stomatal conductance at different periods 
of stress for V5 and V7 paints water stressed for 7 days 
•  . . .  . . . .  . . .  . . . .  . . . .  . . .  . . .  . . . •  
at different levels 
Source of variation df Mean.squares 
Replicate 2 .00661^^^ 
Stage of development (S) 1 .00098 
Level of stress (L) 3 .10356^^^ 
S x L 3 .00063 
Error (^) 14 .00043 
Period of stress (P) 4 .08415^^^ 
S x P 4 .00146^ 
L x P 12 .00744^^^ 
S x L x P 12 .00026 
Error B 64 .00044 
•Significant at 0.05 level of probability. 
•••Significant at 0.001 level of probability. 
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decreased more rapidly than V5 plants (Fig. 17). This is likely to 
be associated with the greater stress experienced by the larger plant 
due to a more rapid drying out of the soil. When plants had been 
stressed for three days, differences in stomatal conductance between 
stage of development and period were not significant. 
The period by level interaction was not evident until the fifth 
day of stress between stress level 0 and 1. The stomatal conductance of 
plants kept in water then decreased CFig. 18). For stress level 2 
and 3, the stomatal conductance fell rapidly to .04 cm sec compared 
to .19 and .15 for stress level 0 and 1, respectively, after a stress 
of seven days. 
The relationship between stomatal conductance and leaf water 
potential is shown in Fi'g. 19. It is evident that the stomata did 
not begin to close until leaf water potential was below -7 bars, This 
value is close to the -8 to -12 bars reported by Boyer (1970), and 
Sionit and Kramer (1977) for soybeans grown in a controlled environment. 
For field grown soybeans, stomata closure was found to occur at a leaf 
water potential of -15 to -17 bars (Turner et al., 1978). 
The soil moisture data (Table 16) showed similar significant 
responses as in Experiment b except for the additional significant 
effects of stress period and its interaction with stress levels. 
From Figure 20 it is seen that except for the control treatments, 
the soil moisture of V5 plants was significantly higher between 10-24 cm. 
This difference was not observed on V7 plants. As pointed out earlier, 
the roots of V5 plants were extracting water mainly from the top half 
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Figure 17. Stomatal conductance of leaves of V5 and V7 
plants after various periods of water stress 
( mean of four stress levels). 
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F,igure 18. Stomatal conductance of plants after various levels 
and periods of water stress (mean of two stages of 
plant development). 
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Figure 19. The relationship between stomatal conductance 
and leaf water potential of non-stressed and 
water stressed V5 and V7 plants. 
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Table 16. Mean squares for soil moisture content after various levels 
and periods of water stress at two stages of plant develop­
ment 
Source of variation df Mean squares 
Replicate 2 2.31 
Stage of development (S) 1 81.58*** 
Period of stress (P) 1 22.72** 
Level of stress (L) 3 792.99*** 
P x L 3 8.86* 
S x L 3 2.78 
S x P 1 0.09 
S x P x L 3 2.77 
Error (a) 30 2.59 
Depth of soil (D) 1 70.21*** 
S x D 1 17.94*** 
P x D 1 0.29 
L x D 3 1.39 
S x L x D 3 1.68* 
S x P x D 1 0.02 
P x L x D 3 0.26 
S x P x L x D 3 0.16 
Error (b) 32 0.51 
*Significant at 0.05 level of probability. 
**Significant at 0.01 level of probability. 
***Significant at 0.001 level of probability. 
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Figure 20. Soil moisture content at two depths of soil 
grown with V5 or V7 plants after different 
levels of water stress (mean of tw© stress 
periods). 
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of the soil column, while roots of V7 plants having permeated the 
entire soil were using water from the lower soils as well. The 9% 
moisture content for soils of V7 plants stressed in -3 (stress level 2) 
and -6 (stress level 3) bars PEG solution was well below the wilting 
point of the soil moisture while that of V5 plants was at the 
wilting point of 12%. 
The interaction between periods and level of stress on soil 
moisture content was due to the drying out of the soil after seven 
days of stress at level 1 (Fig. 21). At other stress levels, no 
significant change in soil moisture was observed. The control plants 
were well supplied with water. With high osmotic stress, the soil dried 
out to the wilting point so that no marked changes in soil moisture 
content could occur. 
The relationship between leaf water potential and soil moisture 
content is as shown in Fig. 22. The leaf water potential did not 
decline until the soil moisture content was between 13-12% or a soil 
matric potential of -10 to -15 bars. Changes in leaf water potential 
were then more linearly related to a decrease in soil moisture content. 
The leaf and soil data showed that when sufficient water was 
available to the plants as with non-stressed plants, a high leaf water 
potential was maintained. The ability of plants kept in water to 
maintain a leaf water potential comparable to that of controls in a 
drier soil can be attributed to root growth. These roots which 
grew on the surface of the soil column should be able to absorb water 
available between the soil and the inner membrane surface where soil 
water potential would be high. The total amount of root growth was 
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Figure 21. The moisture content of soil water stressed at 
different levels for three and seven days 
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Figure 22, The relationship between leaf water potential 
and soil moisture content of V5 and V7 plants 
water stressed at different levels for various 
periods. 
93 
observed to decrease as the level of stress was increased. This had 
also been observed by Ruf et al. (1963), and Tingey and Stockwell (1977). 
Attempts to quantify this observation as total root dry weight in two 
experiments did not show the difference to be significant. Similar 
non-significant findings have been reported by P.uf et al. (1963) and 
Nadi et al. (1969) 
The decrease in leaf water potential of plants stressed in osmotic 
solutions was due mainly to a drying out of the soil as the soil 
moisture content of these treatments was limited. The plant responded 
to these limitations by stomata closure. The stomatal conductance 
showed that the stomates were virtually closed. The decrease in leaf 
water potential of these plants cannot, therefore, be due to high 
évapotranspiration loss of water. 
Associated with the decrease in leaf water potential was a 
decrease in both osmotic and turgor potential due to loss of leaf 
water content. Consequently, the lower osmotic potential was likely to 
be due to leaf dehydration resulting in a more concentrated cell sap 
though the possibility of solutes accumulation for plants under stress 
cannot be ruled out. No marked changes in leaf water potential and 
its components were evident in this experiment between the two stages 
of plant development. 
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e. Determining the pressure-volume relations of soybean 
leaves The amount of water expressed with each increment of 4 
bar pressure is shown in Fig. 23. For leaves having an initial water 
potential of -5 to -6 bars, the amount of water expressed reached a 
maximum after the third extraction and decreased to a constant level 
after the 6th extraction. Leaves at -10 to -11 bars showed maximum 
extraction at the second pressure increment to level off after the 5th 
expression. 
The curvilinear pressure-volume curves obtained for soybean 
leaves at a water potential of -5 to -6 bars and -10 to -11 bars are 
shown in Fig. 24. The non-linear part of the curve is related to changes 
in turgor and osmotic pressures. The linear portion is associated only 
with osmotic pressure changes. This relationship is based on the 
following equation given by Tyree and Hammel (1972): 
1 = V/RTNs - F(V) = - V^/RTNg - F(V) 
where: 
P is the balance pressure 
is the original volume of osmotic or symplasmic water 
is the volume of water expressed 
V is equaled to - v^, the remaining volume of osmotic water 
R is the gas constant, and T the absolute temperature 
Ng is the total number of osmoles of solutes in the living cells 
of the shoot 
ir is the bulk osmotic pressure 
F(V)/V is the volume average turgor pressure of the cells of the 
shoot 
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Figure 23. Volume of water expressed from soybean leaves having a 
leaf water potential of -5 to»6 bars and -10 to-11 bars 
with a four bar pressure increment. 
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Figure 24. Pressure-volume relations of uppermost developed center leaflet of 
soybean leaves having a leaf water potential of -5 to-6 bars (mean 
of nine leaflets) and -10 to-11 bars (mean of four leaflets). 
(See Table 17 for an explanation of V , V, 
P' '^p) 
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When F(y) has reached zero then the above equation becomes; 
1  V  -  V  / R T N  = 1  
— =0 e s —
The physical parameters obtained from the pressures-volume curves 
of soybean leaves are given in Table 17. The data showed that the 
original bulk osmotic pressure decreased by -1.3 bar when the leaf water 
potential decreased from -5 to -11 bars. The bulk osmotic pressure 
of -11.9 and -13.2 bars for leaf water potential of -5 to -6 and -10 
to -11 bars, respectively, are comparable to those obtained in the 
earlier experiments by direct measurements. From Fig. 12, it can be 
seen that the osmotic potential for a leaf water potential of ^5 to -6 
and -10 to -11 bars would be about -10 to -12 and -13 to -14 bars, 
respectively. The osmotic pressure at incipient plasmolysis was between 
-17.8 and -19.2 bars. At incipient plasmolysis, turgor pressure would 
be zero. This was found to be at -16 to -19 bars leaf water potential in 
the experiments. The experimental value and those of the pressure-
volume are relatively comparable as the position of n p was difficult to 
locate precisely on the curves. 
At incipient plasmolysis about 66% of the osmotic water was still 
retained in the leaves. The amount of osmotic water loss is more 
clearly shown by plotting the percentage of osmotic water loss (i.e., 
volume of expressed water, V^/original volume of osmotic water, x 
100) against thé corresponding leaf water potential. It is evident 
from Fig. 25 that for a given leaf water potential a greater amount of 
osmotic water was lost by leaves having a higher water potential. The 
original bulk osmotic pressure can be obtained from this curve by 
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Table 17. Water relation parameters of soybean leaves obtained 
from the pressure-volume curve for leaves having a 
water potential of w.5 to -6 and -10 to -11 bars 
Leaf water potential (bars) 
Parameters -5 to —6 -10 to -11 
Original volume of osmotic water,^ 
V (cm^) 
0 
.660 .540 
Volume of osmotic water at 
incipient plasmolysis,^ 
Vp (cm3) .436 .360 
Original bulk osmotic pressure,^ 
ir^ (bars) 11.9 13.2 
Bulk osmotic pressure at incipient 
plasmolysis, '"^p (bars) 17.8 19.2 
Percentage of osmotic water 
retained at incipient 
plasmolysis, V^/V^ 66.1 66.7 
3 
Total leaf water (cm ) .872 ,915 
Original osmotic water volume, 
to total leaf water (%) 75.7 59,0 
a 
is obtained by extrapolating the linear part of the curve 
to the abscissa where 1 = 0. 
b P 
V is the volume of expressed water (V ) where the non-linear 
part o? the curve just becomes linear and equals to V^-V^ 
^ n^is obtained by extrapolating the linear portion of the pressure-
v o l u m e  c u r v e  t o  w h e r e  n o  w a t e r  w a s  e x p r e s s e d ;  i . e . ,  V  = 0 ,  
is read from the ordinate when extrapolated from the point where 
the cu?ve first becomes linear. 
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Figure 25. Loss of osmotic water from the uppermost developed center 
leaflets of soybean leaves having a leaf water potential 
of -5 to -6 and -^10 to -11 bars. 
100 
extraplolatlng the linear part of the curve to where no osmotic water 
was lost. This gives the same value of -11.8 and -13.2 bars for leaves 
having a water potential of -5 to -5 and -10 to -11 bars, respectively. 
By extrapolating from where the non-linear part of the curve just becomes 
linear to the ordinate where no water is lost, irp values are found 
to be -17.8 and -19.2 bars as reported earlier in Table 17. 
The water relations parameters of soybean leaves thus found are 
generally lower than those of trees and shrubs reported by Cheung et 
al. (1975). 
The pressure-volume technique while shown, to be useful for 
determining some of the water relation parameters of soybean leavers is 
difficult to apply in practice. The petiole of the center leaflet is 
not particularly strong to withstand the constant application and 
release of pressure. Attempts to determine the pressure-volume 
relations of young leaflets were unsuccessful due to the collapse of 
the petiole after three or four pressure increments. Its application 
to soybean leaves is thus limited to leaflets with well-developed 
petioles. 
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IV, GROWTH AND PHYSIOLOGICAL RESPONSES OF SOYBEANS 
TO WATER STRESS INDUCED OSMOTICALLY 
A. Introduction 
To be of practical value, the water status induced by the osmotic 
stress system has to be related to some growth or physiological 
response of the crop. Since growth and dry matter accumulation 
are dependent on the water status in plant tissues, leaf growth 
and physiological responses of stomatal conductance and photo­
synthesis were measured. These plant processed are sensitive to 
different degrees of water stress (Hsiao et al., 1976; Boyer, 1976). 
Data relating to flower and pod development were recorded as both are 
known to be affected by water stress (Shaw and Laing, 1966; Sionit and 
Kramer, 1977). 
Growth and physiological processes are related directly or 
indirectly to plant metabolism, particularly to level of carbohydrate 
since sugars are important metabolites in metabolic processes. There 
is evidence that water stress through its effects on growth and 
physiological processes especially photosythesis affects the carbohydrate 
status in plants. Soluble carbohydrates have been found to accumulate 
in water stressed plants (Eaton and Ergle, 1948; Barlow et al., 1976) 
while starch is depleted (Wadleigh et al., 1943; Turner et al., 1978). 
Therefore, changes in plant metabolism due to water stress could alter 
the amounts and distribution of carbogydrates in different plant tissues. 
In addition, the cessation of leaf elongation due to water stress 
reduces the sink strength of expanding leaves resulting in 
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accumulation of photosynthate. This was reported to have an inhibiting 
effect on the photosynthetic rate of source leaves (Neales and Incoll, 
1968; Thome and Roller, 1974). Starch accumulation in soybean leaves 
has been shown to impede intracellular carbon dioxide transport 
resulting in a reduction in net photosynthesis (Nafziger and Roller, 
1976). The effects of water stress during vegetative and reproductive 
growth on the level and distribution of carbohydrates of leaves and 
stems of soybeans under a constant light environment were thus 
determined. These carbohydrate analyses may indicate possible changes 
in carbohydrate metabolism occurring in the plant, especially the 
relationship between soluble sugars and starch, 
B. Materials and Methods 
Two experiments were carried out to study the effects of osmotic 
water stress on the growth and physiological responses of soybeans 
under a constant light environment. One of the experiments wa,s on 
vegetative plants and the other on plants in the reproductive stage 
of growth. 
Unifoliate leaf seedlings transplanted into the cylindrical 
containers were grown in the growth chamber under a constant environ­
ment. The growth conditions were a day/night temperature of 26°/ 
20°C; day/night relative humidity of 40/50%; a photosynthetically 
active radiation of 500 uEinstein m ^ sec ^ during the day hours 
supplied by cool white fluorescent and incandescent lamps, a,nd 150 
uEinsteins m ^ sec ^ from half fluorescent lights during the *night' 
hours of a fourteen hour photoperiod. These growth conditions were 
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adopted to produce smaller plants which are more suited to the osmotic 
stress system. Under these conditions, flower buds were first 
observed on the plants at V5 to V6 stage of development (Fehr et al., 
1971). 
The effects of water stress during vegetative growth were 
investigated on plants at V6 stage of development to ensure adequate 
plant materials for the various plant analyses to be carried out. 
The roots of these plants were developed which helped to hold the 
soil column together thereby facilitating the transfer of the plant 
into membrane tubing with minimum root disturbance. The plants 
were maintained vegetative by removal of flower buds as soon as they 
were clearly visible. All side branches were removed as they developed. 
The plants were watered and fertilized as described earlier. 
The soils used in these experiments were steam sterilized for 
two hours with the hope that the membrane would last for a longer 
period of time. Consequently, the seeds used in these experiments 
were inoculated with a commercial preparation of Rhizobium japonicum 
at seeding time to ensure the development of root nodules on these 
plants grown in the sterilized soils. The inoculation was successful 
as root nodules were observed on these plants during the transfer 
into membrane tubings. 
The experiment of a completely randomized design had three 
replications. The treatments were control (stress level 0), -3 and 
-6 bars osmotic-nutrient solution (i.e., PEG in half-strength Hoagland 
nutrient solution), a stress period of 3 or 7 days, and a rewatering 
period of 0 (no rewatering) or 3 days. Rewatering was carried out by 
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transferring the soil column wiith the plant into a small polythene bag, 
A piece of rigid vinyl was wrapped round the polythene bag containing the 
soil-root column to form a cylindrical container. The open end of the 
polythene bag was taped to the cylinder to hold the soil and plant. 
Water was then filled into the polythene bag and the soil-root column 
allowed to soak in the water until it became soft (this took about 
an hour). The bottom of the polythene bag was then punctured to 
drain off the excess water. The plants were subsequently watered twice 
daily as were the control plants. 
The experiments on reproductive growth were carried out with 
plants at V10/R4 stage of development. The original plan of the 
experiment was to have a stress period of 7 and 14 days in order to 
have an adequate period of stress for following the changes in flower 
and pod development. Unfortunately, the membranes of some of the 
treatments deteriorated on the 6th day of stress. The experiment was, 
therefore, terminated after a stress period of seven days with unequal 
replications among the treatments which consisted of four stress levels. 
The control of plants grown in cylindrical containers and watered twice 
daily with half-strength Hoagland nutrient solution had eight replica­
tions. The -6 bars osmotic solution consisting of PEG in half-strength 
Hoagland solution also had eight replications. The water stress treat­
ments of -2 bars (of half-strength Hoagland solution) and -^4 bars CPEG-
in half-strength Hoagland solution) had five and four replications, 
respectively. 
In both experiments, the plants were prepared for water-stress 
treatment as described in the earlier section. The growth conditions 
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during the stress treatment period were 25°C day/night temperature, 
60-70% relative humidity and full fluorescent lighting which supplied 
-2 -1 
a photosynthetically active radiation of 400 uEinsteins m sec 
at plant height. 
Leaf water and osmotic potential of the center leaflet of the 
uppermost developed trifoliate leaf were determined by the methods 
described in the earlier section. 
Leaf growth was determined as an increase in leaf area by 
measuring the maximum width and length of the center leaflet. The 
leaf area was then estimated by the regression equations given by 
Wiersma and Bailey (1975) as follows: 
Total leaf area = 6.532 + 2.045 JLiWl. 
Leaf area = 0.624 + 0.723 LW 
where ELiWi is the sum of length times width of all terminal leaflets, 
and L and W are the length and width of the center leaflet whose 
area is to be determined. Average leaf area was then, calculated 
by dividing the total leaf area per plant by the number of trifoliate 
2 
leaves developed on the plant and is reported as cm , 
Daily length measurement of the youngest unrolled center leaflet 
was taken to determine the elongation rate of non-stress and water 
stressed leaves. From these measurements the cumulative increase 
in length with time was computed. For the vegetative plants twelve 
hourly length measurements were taken during the first three days 
of stress treatment. 
Leaf photosynthesis was determined from the carbon dioxide 
absorbed by the leaf with the use of an open system. The carbon 
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dioxide was measured with an IR gas analyzer. The clamped-on leaf 
chamber consisted of two similar plexiglass chambers with edges of 
the faces lined with polyethylene tubing. The center leaflet of the 
uppermost developed trifoliate leaf was placed between the two halves 
of the chamber which were then clamped tight. Carbon dioxide from 
an air source (standardized during each day of measurement) continuously 
flowed into the leaf chamber at a flow rate of 2200 cc per minute. 
The temperature of the leaf chamber was determined to be 25° C, which 
did not increase during the measurement. The plants were continously 
irradiated with fluorescent lights which at plant height gave a photo-
-2 -1 
synthetically active radiation of 400 uEinsteins m sec 
-2 -1 
The carbon dioxide exchange rates are reported as mg CO^ dm hr , 
The area of the center leaflet was estimated from length a,nd width 
measurements as described by Wiersma and Bailey (1975). 
Stomatal conductance was measured and câlculated by the method 
cited in the first section. 
Fresh weight of leaf blades and stem (which includes petioles) 
was determined at the end of each stress treatment period. The 
plant materials wrapped in polythene bag were frozen in dry ice and 
then freeze-dried in a Virtis, Model USM-15 freeze^dryer to obtain 
an estimate of the dry weight of leaf blades and stems. Where; root 
dry weight was determined, the roots were oven-dried at 70° C to 
constant weight. 
The upper three developed trifoliate leaves and th,e stem sections 
between these leaves were sampled for carbohydrate analyses. The 
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plant material sampled was separated into leaf blades and stems (which 
includes petioles) and immediately frozen in dry ice. The plant 
samples were stored frozen until freezer-dried. After freeze-drying, 
the weight of each sample was determined and the material ground in 
a Wiley Mill. A 100-mg sample of freezed-dried material was weighed 
and ground further with an equal weight of acid-washed fine sand 
in a mortar with 5 ml of 75% ethanol. The ground material was washed 
in a 50 ml centrifuge tube with 2 lots of 5 ml 75% ethanol. The 
homogenate was then centrifuged for 10 minutes at 3400 rpm. The 
supernatant was collected in a small bottle. The pellet was washed 
and centrifuged twice with 5 ml 75% ethanol and the supernatant added 
to the collection bottle to obtain a final volume of 25 ml supernatant. 
Reducing sugars and sucrose were determined on this supernatant. 
The pellet for starch determination was washed and centrifuged with 
10 ml acetone followed by 10 ml of absolute alcohol and then dried 
in a vacuum oven at 40° C. Both the supernatant and dried pellet 
were stored in the freezer until analyzed. 
Reducing sugars were determined by the Nelson procedure (1944), 
One ml of supernatant and 1 ml of Somogyi reagent were boiled for 
20 minutes in a boiling water bath. After cooling in HgO» 1 ml of 
Nelson reagent was added, and the absorbance of the solution, rea,d at 
540 nm. From a standard glucose curve, the amount of reducing sugars 
in the test sample was calculated. The mean values of duplicate samples 
are reported as milligrams of glucose per gram of freeze^dried plant 
material. 
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Sucrose was analyzed by drying 0.5 ml of the supernatant In a 
vacuum oven at 45° C. The sucrose was hydrolyzed for one hour at 
30° C In 1 ml of 0.1 M sodium acetate buffer of pH 4.5 containing 
5 units of invertase. The reducing sugars obtained were measured by 
the Nelson test described earlier. The amount of sucrose was calcu­
lated by subtracting the quantity of reducing sugars prior to hydrolysis, 
and the remaining value converted to sucrose. The sucrose values of 
duplicate tests are given as milligrams of sucrose per gram of freeze 
dried plant tissue. 
McRae's (1971) method was used in starch analysis. The dried 
pellet was dissolved in 10 ml of 0.1 M sodium acetate buffer of pH 
4.8. The solution was then boiled for an hour In a water bath to 
dissolve the starch. After cooling at room temperature, 5 ml of 
0.1 ml sodium acetate buffer of pH 4.8 containing 0,5 mg amylogluco-
sldase was added, and the mixture incubated at 55° C for 48 hours, 
A 1-ml aliquot was deprotelnlzed as described by Somogyl (1945). 
One ml of the solution was then incubated with 2 ml of glucose 
oxidase solution (prepared as described by Kllburn and Taylor, 1969) 
for 1 hour at 35° C. The reaction was stopped by the addition of 4 
ml 5N HCl and the resultant absorbance was determined at 540 nm. The 
milligram of glucose was determined from a standard glucose curve and 
converted to starch by the starch conversion factor of .91 given by 
McRae (1971). 
Total carbohydrates, presented as milligrams per gram freeze-drled 
weight, are the sum of reducing sugars, sucrose and starch. 
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C. Results and Discussion 
The data for vegetative plants are first presented, followed by 
those for reproductive plants. 
1. Vegetative plants 
The leaf water, osmotic and turgor potential were significantly 
affected by the interaction between stress levels and rewatering 
period (Table 18). The leaf water potential, however, was affected 
by the three-factor interaction between stress period, level of stress 
and rewatering period. 
Table 18, Mean squares for leaf water, osmotic and turgor potential 
of vegetative plants water stressed at different levels 
for various periods with or without rewatering 
Potential 
Source of variation df Water Osmotic Turgor 
Level of stress (L) 2 164.88*** 48.83*** 36.12*** 
Period of stress (P) 1 2.24 2.51 0.03 
Rewatering period (R) 1 257.39*** 56.50*** 62.67*** 
L x P 2 0.05 0.99 1.26 
L x R 2 96.93*** 27.15*** 19.37*** 
P x R 1 0.01 0.30 0.17 
L x P x R 2 3.86* 1.11 1.78 
Error 24 0.77 0.86 1.81 
*Significant at 0.05 level of probability. 
***Slgnlficant at 0.001 level of probability. 
The mean values showed leaf water potential was significantly 
lower for water stressed plants. The decrease was greater for plants 
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stressed in -6 bars PEG-nutrient solution than in -3 bars PEG-nutrient 
solution. This was observed for both periods of stress (Fig. 26a). 
When water stressed plants were rewatered for three days, the leaf-
water potential had more or less returned to the control level. Both 
osmotic and turgor potential decreased significantly with an increase 
in stress level, but returned to the prestressed level after three days 
of rewatering (Fig. 26b). Similar observations have been reported by 
Sionit and Kramer (1977). They found that both water and osmotic 
potential returned to the control level within three to five days. 
The recovery was quicker for soybean plants stressed before and during 
flowering than during podding. Boyer (1968) reported that the recovery 
in leaf water potential of soybean leaves was biphasic in character 
after rewatering. The first phase was associated with an, elimination 
of water deficit and the second with cell enlargement, Nulsen and 
Thurtell (1978) found corn plants stressed to -10 bars recovered in 
the dark in 40-50 minutes, and when stressed at less than -11 bars the 
plants took 95-300 minutes to recover. The recovery reached a plateau 
between -9 and -7 bars leaf water potential followed by a slower rate of 
recovery which was thought to be associated with a non-linear resistance 
to water flow in the plant. The plant resistances are those of stem 
and leaves due to cavitation of stem and leaf xylem. Boyer (1971b) 
considered the refilling of these cavities as constituting the first 
phase of water recovery. Root resistance to water recovery wa,s more 
important than that of leaf and stem in corn plants (Nulsen and 
Thurtell, 1978). 
Figure 26a. Leaf osmotic and turgor potential of vegetative 
plants water stressed at different levels with 
or without rewaterlng (mean of two stress periods). 
Figure 26b. Leaf water potential of vegetative plants water 
stressed at different levels for three and seven 
days with or without rewaterlng. 
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The relationship between leaf water potential and osmotic or turgor 
potential is linear as shown in Fig. 27. This is in contrast to the 
non-linear relationship observed in cotton (Gardner and Ehlig, 1965). 
The turgor potential of well watered plants was between 5 and 6 bars 
This is within the 5 to 9 bars range of many well-watered mesophytic 
plants (Hsiao, 1973). Turgor decreased to zero at a leaf water 
potential of -15 bars. 
Fresh and freeze-dried weights were found to be affected mainly 
by the interaction between level and period of stress, though the freeze-
dried weight of stem was also affected by the interaction between 
stress period and rewatering period (Table 19). 
Fresh weight of leaf blades, shoots (Fig. 28a) and stems (Fig. 28b) 
decreased when water stress was imposed on the plants. The fresh 
weights of shoot and leaf blades of stressed plants did not change 
significantly with seven days of stress,•'while those of control plants 
showed a significant increase. Period of stress had no significant 
effect on stem fresh weight (Table 19). Therefore, the higher fresh 
weight of control plants for the seven days stress period was due 
mainly to leaf growth. The fresh weights of shoot, leaf blades and 
stems were significantly higher when plants were rewatered for three 
days (Fig. 28c). 
Water stressed plants have significantly lower shoot, leaf blade 
and stem freeze-dried weights (Fig. 29a). The higher freeze-dried 
weight of control plants at seven days of stress was probably due to 
an increase in dry matter accumulation with time. Silvius et al. 
(1977) reported that the dry weight of all plant parts was significantly 
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Figure 27. The relationship between turgor potential or leaf 
osmotic potential and leaf water potential for 
vegetative plants. 
Table 19. Mean squares for fresh and dry weights of shoot and root of vegetative plants water 
stressed for various periods at different stress levels and with or without 
rewatering 
Shoot growth 
Fresh weight Freeze-dried weight 
Source of Leaf Leaf Root 
variation df blades Stem Shoot blades Stem Shoot dry wt. 
Level of stress (L) 2 190. ,02*** 37, .17*** 371, .62*** 6. 86*** 0. ,83*** 13. ,39*** 0. ,94*** 
Period of stress 1 34. ,02*** 1. 00 60. 32** 1. 56** 0. ,37*** 3, .45*** 0. ,37*** 
(P) 
Rewatering period 1 59. ,80*** 4. ,69* 113. ,07*** 2. 16*** 0. ,31** 4, .17*** 0. ,19* 
(R) 
L X P 2 29. 13** 1. ,94 52. ,24*** 1. 52*** 0. 23* 2. ,89*** 0. ,64*** 
L x R 2 2. 04 0. ,13 5. ,33 0. 41 0. ,07* 0. 82 0. 03 
P x R 1 4. 69 2. 05 20. ,85 0. 16 0. 27* 1. 11 0. 07 
L x P x R 2 1. 65 0. 27 5. ,31 0. 01 0. 03 0, 10 0. 03 
Error 24 3. 19 1. 04 7. 65 0. 17 0. ,03 0. ,32 0. 03 
*Significant at 0.05 level of probability. 
**Significant at 0.01 level of probability. 
***Significant at 0.001 level of probability. 
Figure 28a. Fresh weights of shoot Figure 28b. 
and leaf blades of 
vegetative plants water 
stressed, at different 
levels for three and 
seven days (mean of two 
rewatering periods). 
Fresh weights of 
stem of vegetative 
plants water stressed 
at different levels 
(mean of two stress 
periods and two re­
watering periods). 
Figure 28c. Fresh weights of shoot, leaf blades and stem of 
vegetative plants with or without rewatering (mean 
of three stress levels and two stress periods). 
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Figure 29a. Freeze-drled weights 
of shoot, leaf blades 
and stem of vegeta­
tive plants water 
stressed at different 
levels for three and 
seven days (mean of 
two rewaterlng periods) 
Figure 29b. Freeze-dried weights 
of shoot, leaf blade 
and stem of vegeta­
tive plants with or 
without rewaterlng 
(mean of three stress 
' levels and two stress 
periods). 
F igure 29c. Freeze-dried weights 
of stem of vegeta­
tive plants water 
stressed for three 
and seven days (mean 
of three stress levels). 
Figure 29d. Root dry weights 
of vegetative 
plants water stressed 
at different levels 
for three and seven 
days (mean of two 
rewaterlng periods). 
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higher for plants at a more advance stage of development. Rewatering 
significantly increased the freeze-dried weight of shoot, leaf blades 
and stem (Fig. 29b). This was likely to be associated with a resumption 
of dry matter accumulation by water stressed plants and the continuous 
accumulation of non-stressed plants. 
The significantly lower freeze-dried weight of stem for the three 
days stress period compared with seven days may be due mainly to the 
higher freeze-dried weight of the control plants as water stressed 
plants have low freeze-dried weights which did not change with time 
(Fig. 29c). No significant difference was found between three and 
seven days stress period when plants were rewatered. This is likely 
to be the result of an increase in dry matter accumulation when water 
stressed plants were rewatered. 
The oven-dry weight of roots did not show significa,nt difference 
when plants were water stressed for three days (Fig, 29d). With 
seven days of stress, the dry matter of roots of water stressed plants 
were significantly lower. The difference between water stressed plants 
was not significant. No significant root development occurred on 
water stressed plants as the difference in root dry weight between 
periods of stress was not significant. Plants that were well 
watered showed continuous root growth as the dry weight a,t seven, da,ys 
of stress was almost twice (1,61 gm/plant) that of the three-day period 
(.88 gm/plant). Root dry weight was significantly higher when plants 
were rewatered for three days (1,00 gm/plant) compared with plants not 
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rewatered (.86 gm/plant). It Is not clear whether this is due to 
increased root growth of watered plants or new root growth of water 
stressed plants or both. 
Average leaf area was responsive to level of stress and rewatering, 
while leaf elongation rate was affected by the interaction between 
level and period of stress (Table 20). 
Table 20. Mean squares for leaf growth of vegetative plants water 
stressed for various periods at different stress levels 
with or without rewatering 
Source of variation df Mean leaf area Leaf length 
Level of stress (L) 2 3661.30*** 68,03*** 
Period of stress (P) 1 23.34 67.24** 
Recovery period (R) 1 979.38*** 4,69*** 
L x P 2 410.13 3.69** 
L x R 2 3.95 1,54 
P x R 1 15.12 0.40 
L x P x R 2 51.61 0.43 
Error 24 130.31 0.59 
**Significant at 0.01 level of probability, 
***Significant at 0.001 level of probability, 
2 
The average leaf area of well watered plants was 106 cm a,nd wa^s 
2 41% higher than the 75 cm of water stressed plants (Fig, 30a). This 
can be explained by the significant decrease In leaf elongation rate 
of water stressed plants. For the three-day stress period, the leaf 
elongated to 5.1 cm for watered plants, compared with 1.6-2.3 cm for 
Figure 30a. Average leaf area of vegetative plants water 
stressed at different stress levels. 
Figure 30b. The length of the uppermost opened center leaflet 
of vegetative plants water stressed at different 
levels for three and seven days. 
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water stressed plants (Fig. 30b). The leaf of water stressed plants 
did not elongate further at seven days of stress while that of control 
plants increased to 7.0 cm. When plants were rewatered, there was 
a resumption of leaf elongation as the leaf length of 4.7 cm was 
significantly longer than the 2.0 cm of plants not rewatered. 
The cumulative increase in leaf length with time of non-stress 
and water stressed plants at three and seven days of stress is shown 
in Fig. 31a and 31b, respectively. It is evident that the leaf of 
watered plants showed a continuous increase in length with time to 
reach 6.5 cm and 7.8 cm at three and seven days stress period, 
respectively. Leaf elongation of water stressed plants was not 
affected during the first twelve hours of stress, but after that, 
changes in leaf growth was negligible. Statistical analysis of the 
cumulative increase in leaf length with time for the seven days 
stress period showed leaf elongation of watered plants increased 
significantly with each day of growth while those of water stressed 
plants did not change significantly with time. After rewatering, 
there was a resumption of leaf growth which increased rapidly with 
time to 3-4 cm. This, however, was only one-half the length of well-
watered plants. The reduction of leaf growth due to water stress have 
been widely reported on many plants (Boyer, 1970; Hsiao, 1973; Barlow 
et al,, 1976) and is associated with a decrease in turgor potential 
(Hsiao et al., 1976). The enlargement of soybean leaves was found to 
be slowed when leaf water potential decreased to below -4 bars, and the 
lowest turgor associated with leaf growth was 1 bar (Boyer, 1970). In 
the present study, the turgor potential of leaves decreased to below 
Figure 31a. Cumulative Increase In length of the uppermost 
opened center leaflet of vegetative plants 
water stressed for three days at different levels 
with or without rewaterlng. 
Figure 31b. Cumulative Increase in length of the uppermost 
opened center leaflet of vegetative plants water 
stressed for seven days at different levels with 
or without rewaterlng. 
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1 bar when plants were stressed in -3 and -6 bars PEG-nutrient solution 
and little leaf growth was evident. There was a rapid resumption of 
leaf elongation when stressed plants were rewatered and the lea,f turgor 
returned to 4-5 bars. 
Stomatal conductance and leaf photosynthesis were influenced by 
the interaction between stress level and rewatering period (Table 21). 
Table 21. Mean squares for stomatal conductance and carbon dioxide 
exchange rate of vegetative plants water stressed at 
different levels for various periods with or without 
rewatering 
Source of variation df 
Stomatal 
conductance 
Carbon dioxide 
excha,nge rate 
Level of stress (L) 2 0.0667*** 68.93*** 
Period of stress (P) 1 0.0002 17,60* 
Rewatering period (R) 1 0.0293*** 182,38*** 
L X P 2 0.0010 0.42 
L X R 2 0,0073*** 55.88*** 
P X R 1 0.0012 0,11 
L X P X R 2 0.0001 5.22 
Error 24 0.0006 • • • 3 2 0' 
*Significant at 0,05 level of probability. 
***Slgnlfleant at 0.001 level of probability. 
The decrease in carbon dioxide exchange rate (Fig. 32a) was associated 
with a decline in stomatal conductance (Fig, 32b) when water stressed 
plants were not rewatered. Plants rewatered for three days were photo-
synthesizing at the same rate as control plants although the stomata 
Figure 32a. Carbon dioxide exchange rate of vegetative 
plants water stressed at different levels 
with or without rewaterlng (mean of two stress 
periods). 
Figure 32b. Stomatal conductance of vegetative plants 
water stressed at different levels with or 
without rewaterlng (mean of two stress periods). 
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were still not fully opened. The correlation between photosynthetic 
rate and stomatal resistance has also been observed by Boyer (1970) 
and Silvius et al. (1977). Boyer (1970) found that the rate of photo­
synthesis did not decrease until leaf water potential fell below -11 
bars and at -16 bars it was only 68% of the well watered plants. The 
present data showed that plants stressed in -3 bars PEG-nutrient solution 
had a leaf water potential of -13 bars and the carbon dioxide exchange 
rate was 53% less than that of control plants. Plants stressed in -6 
bars PEG-nutrient solution with a leaf water potential of -17 to -18 
bars showed an 81% decrease in carbon dioxide exchange rate compared 
with well watered plants. Silvius et al. (1977) observed that carbon 
dioxide exchange rate and stomatal resistance returned to the pre-
stressed level after 24 hours of rewatering for vegetative plants. 
The carbon dioxide exchange rate of flowering plants required a 
longer recovery period. The present findings showed that stomatal 
conductance had not returned to the control level while carbon 
dioxide exchange rate was at prestressed level when plants were 
rewatered. 
Plants at three days stress period were photosynthesizing at 
a higher rate than plants of the seven day stress period. The time 
trend of change in carbon dioxide exchange rate statistically analyzed 
for the seven day stress period showed the photosynthetic rate of 
non-stressed and water stressed plants decreased with time (Fig. 33). 
The carbon dioxide exchange rate of control plants showed a small but 
significant decrease after the third day with no further significant 
change thereafter. Water stressed plants showed a significant decline 
# Control 
A-3 bars PEG 
• -6 bars PEG 
TIME, days 
Figure 33. Daily trend In carbon dioxide exchange rate of 
vegetative plants water stressed for seven days at 
different stress levels. 
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in photosynthesis after 24 hours of stress. The decrease was signifi­
cantly greater for plants stressed in -6 bars than in -3 bars PEG-
nutrient solution. 
The carbohydrate data (Table 22) showed that total carbohydrates 
in leaf blades were affected by the interaction between stress level 
and rewatering period. In the stem, level of stress was significant, 
and the rewatering period was dependent on the period plants were 
water stressed. 
Figure 34a showed that total carbohydrates did not decrease 
significantly until plants were stressed in -6 bars PEG-nutrient 
solution. After rewatering for three days, the total carbohydrates 
of water stressed plants increased significantly. The difference 
between -3 and -6 bars PEG-nutrient solution was significant at the 
5% but not the 1% level of probability. The upsurge in carbohydrate 
level for water stressed plants, especially that of -3 bar stress 
level, may be explained by the resumption of photosynthetic capability 
so that assimilates were produced continuously under the constant 
light environment but not utilized as growth recovery was slowed. 
Well watered plants maintained a constant level of carbohydrates 
in the leaf blades. 
In the stem, a significant decrease in total carbohydrate was 
observed in plants water stressed for seven days compared with a stress 
of three days (Fig. 34b). This was possibly due to the utilization 
of carbohydrates in the stem to maintain metabolic processes in the 
plant subjected to a prolonged period of water stress. After rewatering 
Table 22. Mean squares for carbohydrate analyses of leaf blades and stems of vegetative 
plants water-stressed for various periods at different stress levels with 
or without rewatering 
Leaf blades 
Source of 
variation 
Reducing 
df sugar Sucrose Starch 
Total 
carbohydrate 
Level of stress (L) 
Period of stress (P) 
Recovery period 
L X P 
L X R 
P x R 
L x P x R 
Error 
Level of stress (L) 
Period of stress (P) 
Recovery period 
2 235.52*** 
1 12.02 
1 636.85*** 
2 111.76*** 
2 226.09*** 
1 70.53*** 
2 1.61 
24 4.70 
2 
1 
126.03*** 
242.52*** 
14.13*** 
0.55 
48.52*** 
1.50 
3.98 
0.65 
0.63 
1.29 
Stem 
1 1103.94*** 
12.04 
4.58 
44.22*** 
1932.37* 
1081.66 
9553.76*** 
98.70 
2665.67*** 
73.71 
100.75 
351.17 
837.78*** 
386.11* 
642.40*** 
1919.65* 
822.53 
4295.69*** 
43.09 
1210.49* 
316.47 
143.73 
344.44 
1897.96*** 
3.75 
211.11 
L X P 2 
L X R 2 
P x R 1 
L X P X R 2 
Error 24 
82.30*** 1.20 
257.40*** 6.02 
257.76*** 2.42 
44.78* 6.59 
11.10 4.03 
*Slgnifleant at 0.05 level of probability 
**Signifleant at 0.01 level of probability. 
***Significant at 0.001 level of probability. 
149.87 
121.17 
62.01 
1.23 
63.67 
26.27 
88.91 
649.48** 
97.84 
65.33 
Figure 34a. Total carbohydrates In leaf blades of 
vegetative plants water stressed at different 
levels with or without rewaterlng (mean of two 
stress periods). 
, Figure 34b. Total carbohydrates In stems of vegetative plants 
water stressed for three and seven days with or 
without rewaterlng (mean of three stress levels). 
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for three days, plants water stressed for three days had significantly 
less total carbohydrates in the stem. This may be explained by the 
greater leaf growth and hence carbohydrate utilization by these plants 
compared with those with a seven-day stress period. 
Reducing sugars in leaf blades and stem were affected mainly by 
the two-factor interactions. Period of stress, however, interacted 
with stress level and rewatering period to influence the level of 
reducing sugars in the stem (Table 22). 
As seen in Fig. 35a, reducing sugars in leaf blades increased 
significantly with levels of stress for the three-day stress period. 
With seven days of water stress, the reducing sugars of water stressed 
plants were not significantly higher than those of control plants. The 
leaves may have used up the reducing sugars for maintenance of basic 
metabolism over the longer period of water stress,as photosynthetic 
rate was negligible. 
The accumulation of reducing sugars in leaf blades of water 
stressed plants is clearly shown in Fig, 35b. After three days of 
rewatering, the level was comparable to that of watered plants. This 
accumulation was significantly greater for plants water stressed for 
three days than seven days (Fig. 35c) due to the reducing sugars having 
been used up by plants stressed for a longer period of time. After 
rewatering, the level of reducing sugars of three-" and seven-day stress 
periods were not significantly different. 
In the stem, a similar accumulation of reducing sugars was 
observed. Significantly higher levels were associated with plants 
Figure 35a. Reducing sugars in Figure 
leaf blades of vegeta­
tive plants water 
stressed at different 
stress levels for three 
and seven days (mean 
of two rewatering periods). 
35b. Reducing sugars in 
leaf blades of 
vegetative plants 
water stressed at 
different levels 
with or without 
rewatering (mean of 
two stress periods). 
Figure 35c. Reducing sugars in leaf blades of vegetative plants 
water stressed for three and seven days with or without 
rewatering (mean of three stress levels). 
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stressed for three days than seven days for the reasons cited earlier. 
On rewatering, the level of reducing sugars of water stressed plants 
decreased to that of the control, as shown by the open dots in 
Fig. 36. 
Changes in sucrose content of leaf blades were associated with 
levels of stress and rewatering period (Table 22). Water stressed 
plants accumulated significantly more sucrose in leaf blades than did 
controls (Fig. 37a). The difference between the two higher stress 
levels was not significant. The sucrose content decreased signifi­
cantly when plants were rewatered for three days (Fig. 37b). A 
similar effect was observed on the sucrose level in the stem (Fig. 37c). 
Starch in the stem showed a significant increase for water 
stressed plants (Fig. 38a). This may represent carbohydrates not used 
for plant growth being translocated to the stem for storage, The 
longer plants were stressed, therefore, the higher was the starch 
content (Fig. 38b). Plants not rewatered depleted the starch content 
in the stem; starch content was significantly lower than that of 
rewatered plants (Fig. 38c). 
The starch in leaf blades, on the other hand, decreased with an 
increase in water stress level for plants not rewatered (Fig. 39). 
This loss may be associated with some starch being used to maintain 
basic metabolism of the leaf, and some may have been translocated to 
the stem for storage. This is supported by the fact that both reducing 
sugars and sucrose were higher in leaf blades of water stressed plants. 
Rewatering led to a significant increase in starch content in leaf 
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O Rewatered, 3 days 
Figure 36. Reducing sugars in stems of vegetative 
plants water stressed at different 
levels for three and seven days with 
or without rewatering. 
Figure 37. Sucrose in vegetative plants ; 
a. In leaf blades 
after different 
levels of water 
stress (mean 
of two stress 
periods and two 
rewatering 
periods). 
b. In leaf blades c. 
with or without 
rewatering (mean 
of three stress 
levels and two 
stress periods). 
In stems with or 
without rewatering 
(mean of three stress 
levels and two stress 
periods). 
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Figure 39. Starch content in leaf blades of vegetative plants water stressed at 
different levels with or without rewatering (mean of two stress periods). 
100 f-
• No Rewaten'ng 
A Rewatered, 3 days 
SZ 
o> 
i 
c 
•a I 
<u 
n (U 
Qi 
3= 
? CO 
- 3 
LEVEL OF STRESS, bars 
148 
blades, especially for plants stressed in -3 bars PEG-nutrient solution, 
due to a resumption of active photosynthesis with limited plant growth. 
The carbohydrate data are comparable to those of water stressed 
cotton plants. Eaton and Ergle (1948) found starch and hexose sugars 
accumulated in the stems. An increase in hexose sugars and a decrease 
in starch was observed on leaves. Corn seedlings water stressed for six 
days showed a large increase in soluble carbohydrates in the leaves 
(Barlow et al., 1976). Apparently, the reduction in leaf starch is a 
general response of water stressed plants (Fischer, 1970). The 
increase of starch in the stem and its decrease in the leaves observed 
in the present study may indicate that translocation of assimilates was 
not affected by the stress treatments. The increase in reducing sugars 
and sucrose can be due to a reduction in leaf growth sink for photo-
synthate associated with a loss of turgor. The excess carbohydrates 
are then translocated mainly as soluble sugars (Wardlaw, 1968) to the 
stem where they were converted to starch as storage carbohydrates. 
Silvius et al., (1977) have shown that the accumulated mainly in the 
stems of water stressed vegetative and flowering soybean plants. The 
accumulation of soluble sugars due to increased a-amylase activity cannot 
be ruled out as protein synthesis is affected only by severe water 
stress (Hsiao, 1973). 
2. Reproductive plants 
Leaf water potential and its components were significantly affected 
by the degree of stress imposed on the plants (Table 23). Turgor 
potential fell to zero when plants were water stressed in -4 and -6 
bars PEG-nutrient solution (Fig. 40). Water and osmotic potential 
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Table 23. Mean squares for leaf water potential and its components 
of reproductive plants subjected to difficult levels 
of water stress for seven days 
Potential 
Source of variation df Water Osmotic Turgor 
Level of stress (L) 3 382.94*** 676.31*** 53.55*** 
Error 21 1.80 2.28 1.47 
***Significant at 0.001 level of probability. 
have then decreased to more than -18.5 bars. This occurred at -15 bars 
leaf water potential for vegetative plants. The difference could be 
due to the greater effect of water stress on the larger plants. The 
turgor potential of watered plants was between 5 and 6 bars for both 
vegetative and reproductive plants. When plants were water stressed 
to -17 and -18 Bars leaf water potential and turgor potentials were 
below 1 bar for both stages of development. 
Stress level significantly affected the fresh and freezer-dried 
weights of plants (Table 24). The fresh weight of watered plants was 
significantly higher than those of water stressed plants (Fig. 41a). 
Differences between plants stressed in -2 and -4 bars, and -4 and -6 bars 
osmotic potential solutions were not significant. 
The freeze-dried weight of the different plant parts showed 
significant change with levels of stress, except that of stem, which was 
not significant (Table 24). The watered plants had significantly 
higher freeze-dried weight than plants stressed in PEG-nutrient solution 
(-4 and -6 bars) but not different from that of plants stressed in -2 bars 
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Figure 40. Leaf water, osmotic and turgor potential 
of reproductive plants subjected to 
different levels of water stress. 
151 
Table 24. Mean squares for fresh and freeze-drled weight of leaf 
blades and stem of reproductive plants subjected to 
different levels of water stress for seven days 
Fresh weight 
Source of variation df Leaf blades Stem Shoot 
Level of stress (L) 3 256.83*** 57,38*** 556.81*** 
Error 21 8.53 3,41 20.92 
Freezer •dried weight 
Level of stress (L) 3 251.45*** 1.417 28.75*** 
Error 21 2.51 .651 2.98 
***Significant at 0.001 level of probability. 
nutrient solution (Fig. 41b). The freeze^dried weight of plants stressed 
in -2 bars osmotic potential solution, while significantly higher than 
that in -6 bars osmotic solution, was not different from that of -4 bars 
osmotic solution. The difference between -4 and -6 bars PEG-nutrient 
solutions was not significant. There was thus a gradual change in 
freeze-dried weight as the stress level was increased. 
Average leaf area and leaf length after seven days of stress 
responded significantly to stress level (Table 25), Control plants 
2 had an average leaf area of 127 cm , which was significa,ntly larger 
2 
than 90-101 cm for water stressed plants. Differences among the 
stress treatments were not significant. The percentage increase in 
leaf area over the seven-day period was 34% for watered plants 
(Fig.42a). Plants stressed in -2 bars nutrient solution had a 5% 
Figure 41a. Fresh weights of reproductive plants subjected 
to different levels of water stress. 
Figure 41b. Freeze-dried weights of reproductive plants 
subjected to different levels of water stress. 
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increase, while those of -4 and -6 bars stress level increased less than 
1%. The decrease in leaf area of water stressed plants was due to the 
cessation of leaf growth. Leaf elongation of control plants after a 
seven-day period of growth was 5.9 cm compared with 1.6, 0.4, and 0.3 cm 
for plants stressed in -2, -4 and -6 bars osmotic solution, respectively 
(Fig. 42b). 
Table 25. Mean squares for average leaf area and leaf elongation 
of reproductive plants subjected to different levels 
of water stress for seven days 
Source of variation df Average leaf area Leaf elongation 
Level of stress (L) 3 1977.98*** 50.360*** 
Error 21 124.59 0,382 
***Significant at 0.001 level of probability. 
The fresh and freeze-dried weight responses are similar to those 
of vegetative plants and may be attributed to a loss of turgor and 
a decrease in dry matter accumulation due to water stress. Leaf 
growth and hence average leaf area were similarly affected at both 
stages of development, due mainly to a decrease in leaf turgor. These 
changes are similar to those reported by Sionit and Kramer C1977) for 
Bragg variety. Shoot, leaf and root dry weight were found to be 
decreased by water stress at all stages of growth. 
Figure 42a. Percentage Increase in average leaf area of 
reproductive plants subjected to different 
levels of water stress. 
Figure 42b. Cumulative Increase in length of the uppermost 
opened center leaflet of reproductive plants 
subjected to different levels of water stress. 
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The stress levels significantly affected flower and pod number 
as well as pod elongation (Table 26), Figure 43a showed that total 
number of flowers and pods decreased significantly when plants were 
water stressed in -4 and -6 bars PEG-nutrient solution. The difference 
between control and plants stressed in -2 bars nutrient solution was 
not significant. 
Table 26. Mean squares for total number of flowers, pod number and pod 
length of reproductive plants subjected to different 
levels of water stress for seven days 
Source of 
variation df 
Total number 
of flowers 
Pod 
number 
Pod 
length 
Level of stress (L) 3 757,55* 82,34* 3,918*** 
Error 21 224.12 20,32 0.203 
*Significant at 0.05 level of probability. 
***Signifleant at 0.001 level of probability. 
The pods of watered plants at the end of a seven-day stress period 
were significantly longer than those of -2 bars stress level (Fig. 43b). 
The latter in turn were longer than those of plants stressed at the 4-4 
and -6 bars level. The increase in pod length with time is shown in 
Fig. 43b. Plants stressed at the -6 bars level showed negligible pod 
elongation as was observed for leaf elongation. Pod elongation appears 
to be greater than leaf elongation for plants stressed in -2 and -4 bars 
stress level. A reduction in flowers and pod production for plants 
water stressed during pod development had been reported by Sionit and 
Kramer (1977). 
Figure 43a. Total number of flowers and pods of reproductive 
plants subjected to different levels of water 
stress. 
Figure 43b. Cumulative Increase In pod length of reproductive 
plants subjected to different levels of water 
stress. 
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Carbon dioxide exchange rate and stomatal conductance were 
affected by the level of stress (Table 27). The reduction in carbon 
dioxide exchange rate with higher levels of water stress was associated 
with stomatal closure (Fig. 44). This response is similar to that of 
vegetative plants. Boyer (1970) also reported that stomatal resistance 
and carbon dioxide exchange rate were not affected by stage of plant 
development. 
Table 27. Mean squares for carbon dioxide exchange rate and stomatal 
conductance of leaves of reproductive plants subjected to 
different levels of water stress for seven days . . 
Carbon dioxide Stomatal 
Source of variation df exchange rate conductance . 
Level of stress (L) 3 204.15*** ,04985*** 
Error 21 1.23 ,00055 
***Significant at 0.001 level of probability. 
The carbohydrates in reproductive plants were significantly 
affected by stress levels (Table 28). Total carbohydrates in leaf 
blades showed an increase in plants stressed in ~2 bars nutrient solution 
although the difference was not significant compared with control. This 
was due mainly to an increase in starch accumulation, although reducing 
sugars also showed a slight increase (Fig. 45). Plants stressed at 
-4 and -6 bars level had significantly less total carbohydrates in the 
leaf blades. The decrease was greater for plants stressed in -6 bars 
PEG-nutrient solution. The reduction in carbohydrates was associated 
I5 r  A Stomatal Conductance 
• Carbon Dioxide Exchange Rate 
- 2 - 4 
LEVEL OF STRESS, bars 
Figure 44. Carbon dioxide exchange rate and stomatal 
conductance of reproductive plants subjected 
to different levels of water stress. 
Figure 45. Carbohydrates in leaf blades of reproductive plants subjected to different 
levels of water stress. 
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mainly with a depletion of starch. Consequently, the amount of reducing 
sugars and sucrose was significantly increased. 
Table 28. Mean squares for reducing sugars, sucrose, starch and total 
carbohydrates of leaf blades and stem of reproductive 
plants subjected to different levels of water stress for 
- seven days 
Leaf blades 
Source of variation df 
Reducing 
sugars Sucrose Starch 
Total 
carbohydrates 
Level of stress 3 163.30*** 33.17*** 5997.74*** 3499.58*** 
Error 21 6.80 3.53 
Stem 
193.66 515.98 
Level of stress 3 186,07*** 40.33*** 367.39*** 1730,88*** 
Error 21 9.91 1.84 33,34 200.27 
***SignIficant at 0.001 level of probability. 
In the stem, there was an accumulation of total carbohydrates 
in water stressed plants , though the difference between —4 and —6 bars 
stress levels was not significant (Fig. 46). The increase in total 
carbohydrates was the result of an increase in reducing sugars, sucrose 
and starch. 
The carbohydrate data indicate that the starch, which is normally 
stored in the leaf blades, was being used to maintain basic metabolic 
functions due to a loss of photosynthetic capability. The carbohydrates 
in excess of the leaf's requirements were translocated to the stem 
as soluble sugars, which were then converted to starch as storage 
Figure 46. Carbohydrates in the stems of reproductive plants subjected to different 
levels of water stress. 
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carbohydrates. The reproductive structures apparently did not 
altere the carbohydrate levels in leaf blades and stems when plants 
were water stressed. Silvius et al. (1977) has shown that the 
reproductive structures received a high proportion of the fed 
to the plants, irrespective of plant water status. The high 
carbohydrate contents of these plants grown under constant light 
may have been more than adequate to meet the plant's requirement, 
especially when leaf growth was limited by water stress. Flower 
buds were observed to be continuously formed even on plants stressed 
at the -6 bars level. 
168 
V. SUMMARY AND CONCLUSIONS 
The osmotic stress system was found to function on soybean plants 
grown in a soil column. Normal diurnal fluctuations in leaf water 
potential were observed when plants were water stressed on a fifteen 
hour photoperiod. Plants at V5 or more advanced stage of development 
dried out the soil column, especially when the osmotic stress imposed 
was greater than -3 bars osmotic potential. The leaf water potential 
that developed was dependent on the total amount of root growth on the 
surface of the soil column within the inner membrane surface. The 
quantity of root developed was observed to decrease with an increase 
in concentration of the osmoticum. Thé plants equilibrated with the 
osmotic stress system within two to three days. A relatively constant 
leaf water potential was maintained by water stressing the plants in 
a constant light, temperature and relative humidity environment. The 
variation in leaf water potential with time of day was found to be 
less than -1 bar. Vegetative and reproductive plants were equally 
responsive to the osmotic stress system. 
The leaf water potential of well watered plants grown under the 
experimental conditions was -4 to -6 bars. The osmotic potential was 
-10 to -11 bars and hence a turgor potential of 5 to 6 bars. When the 
leaf water and osmotic potential decreased to -15 bars, turgor potential 
reached zero at a relative water content between 65 and 75%, This appeared 
to be the result of osmotic water loss from an evaluation of the pressure-
volume relations of soybean leaves. At incipient plasmolysis, the 
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soybean leaves were found to retain 66% of the osmotic water. This 
was within the 65-75% range of relative water content of soybean leaves 
at zero turgor potential. The relationship between leaf water potential 
and Its components to relative water content was found to be linear. 
Plant responses to the osmotic stress system during vegetative 
and reproductive growth were comparable. Â significant decrease in 
fresh and freeze-drled weights was observed on water stressed plants. 
The decrease in dry matter may be attributed to a loss in photosynthetlc . 
capability, which was associated with a decrease in stomatal conductance. 
Leaf growth was slowed when turgor potential decreased and was 
negligible when turgor fell below 1 bar for plants stressed in -3 and 
-6 bars osmotic solutions. This led to a significant decrease in total 
leaf area. With reproductive plants, a significant reduction in total 
number of flowers and pods was observed. Pod growth was impaired. 
Plants grown under full fluorescent lights had a high carbohydrate 
level in both leaf blades and stems. When water stressed, the starch 
of leaf blades decreased while reducing sugars and sucrose increased. 
In the stems, there was an accumulation of starch, reducing sugars 
and sucrose. A relocation of storage starch from leaf blades to 
stems was suggested by these data. The reduction of carbohydrate 
supply to the limited root growth of water stressed plants may also 
have contributed to this increase in starch content. 
When the vegetative plants were rewatered for three days, the 
above plant responses recovered rapidly to prestressed levels. The 
starch in leaf blades then Increased while that of stems decreased. 
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A limitation of the osmotic stress system is that the membrane 
tubings deteriorated between six and ten days when the osmoticum was 
prepared in half-strength Hoagland nutrient solution. This affected 
membrane tubings placed in osmotic-nutrient solutions of low 
osmotic potential which also allows the soil microorganisms to 
flourish. Secondly, the range of leaf water potential obtainable 
between stress levels is rather wide, especially where large plants are 
involved. This limits its applicability to water stress studies where 
a high stress level is desirable. If small changes in leaf water 
potential levels are required, it is difficult to achieve with the 
present system unless very small plants are used. 
Further development of this osmotic stress system should center 
on finding a solution to the deterioration of the membrane tubings 
caused by soil microorganisms. The addition to the osmotic solution of 
some sterilizing chemicals not harmful to the plants is a 
possibility. If the membrane could be maintained for a two-week period, 
the effects of prolonged water stress and cycles of water stress can 
be studied. The optimum size of soil column that can be used has yet 
to be determined. Presently, this is limited by the size of membrane 
tubings available commercially. The osmotic stress system should be 
evaluated against water stressing plants directly in PEG-nutrient 
solution to determine its advantage, if any, over the latter. 
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